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Abstract 
The objective of the present research was to develop a system reliability-based 
bridge assessment method for damaged composite bridges. A response surface 
method was adopted in combination with the nonlinear finite element analyses, 
which provided a powerful tool for the evaluation of the reliability of a bridge 
system. Using the method, investigation was made into the effects of corrosion on 
the reliability of a bridge system. 
A numerical bridge model used for the present study was developed using an actual 
composite bridge in the UK. Commercial FE programmes such as ABAQUS and 
DIANA were used for the development of the model. In order to validate the use of 
these FE programmes in the present study, simulations on the full-scale bridge test 
were carried out. Of the three, 4O-tonne vehicle loading given in BD 21, the vehicle 
loading which caused the worst resistance was selected as a reference loading model. 
In the present study, the failure of the load redistribution system due to punching 
shear was addressed in detail. It was found that punching shear in the concrete slab 
may prevent the total collapse of a whole bridge system taking place. This is because 
the system cannot reach the ultimate state in such a case. It was proposed that such 
cases be excluded from the evaluation of the failure probability of a whole system. 
This approach is expected to provide a more rational basis for the evaluation of the 
reliability of a global bridge system than simply suppressing such failure. 
The system reliability-based assessment was developed based on the response 
surface method in combination with the nonlinear finite element analyses. In the 
present study, reliability analyses were carried out for both intact and damaged 
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were carried out. Of the three, 40-tonne vehicle loading given in BD 21, the vehicle 
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present study, reliability analyses were carried out for both intact and damaged 
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bridges. Corrosion on steel girders was simulated by reducing the thickness of the 
web and the flange. The present study shows that the two-lane loading case governs 
the total failure probability (reliability) of the present bridge model. In addition, it 
was found that the traffic loading for the evaluation of load effects has a significant 
influence on the results. It was also found that the failure of a bridge is most likely to 
take place due to extremely heavy trucks for the intact state. It seems that this has a 
close connection to the high uncertainty of the traffic loading. However, the failure is 
likely to be governed by reduced dimension for severely damaged model. This is 
because the uncertainty related to the dimension and ultimately the resistance 
becomes bigger as corrosion proceeds. 
Results of this research revealed that this assessment methodology is less 
conservative. This may lead to rational use of a limited resources. It was clearly 
demonstrated through the reliability analyses that a system reliability-based bridge 
assessment methodology developed in this research may provide a tool for more 
rational bridge assessment. 
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Notation 
c A damping factor 
c A constant for thickness loss parameter 
C Compressi ve force 
D Shortened distance of a beam 
D f Dynamic amplification factor 
D, Damaged state 1, 2 
DI Damage index 
Ds Superimposed dead load 
Dr Total dead load 
fexr External force 
fint Internal force 
F(M) CDF of the moment 
F\, Viscous force 
g Gravity acceleration 
gi Out-of-balance force 
G(x) Limit state function 
g(y) Normally distributed limit state function 
g(y) Limit state function for FORMISORM 
g'(y) Resistance response surface function 
I Intact state 
K Load Reduction Factors 
K A stiffness matrix 
L Loading conditions 
L Span length 
M· Mass 
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N Number of trucks 
n Number of random variables 
nj Number of factorial points 
p hydrostatic pressure 
P A concentrated load 
p Pressure 
"- Pressure after cracking p 
Pj Failure probability of a model 
Pjd Failure probability of damaged system 
Pfi Failure probability of undamaged system 
PjlL Failure probability in the specific loading condition 
P; Failure probability of a component i 
PLi Probability of occurrence of a specific loading condition 
q von Mises stress 
Q Applied loading 
" Von Mises stresses after cracking q 
RF Redundancy factor 
Rs Resistance of a model at SLS (deterministic value) 
R(x) Resistance of a model 
Sex) Load effects 
to Original thickness of the flange 
t Beam thickness 
t Thickness of the damaged flange 
T Lateral tensile force 
Tc Thickness of a corroded element 
Teq Equivalent thickness of reinforcements 
T[ Static truck loading 
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TN As-new thickness of the element 
U L Modelling uncertainty for load effect 
U R Modelling uncertainty for resistance 
v Vector of the nodal velocities 
Vc Volume of slab (concrete) 
Vs Volume of structural steel 
We Weight of concrete 
WI Weight of structural steel 
x D Design point 
xM New centre point 
X i Random variables 
X L Load effects for a specific loading case 
Yt
Dt Magnitude of random variable y\ for damage state D, 
Z Safety margin 
a Distance of axial points from a centre point 
a, Sensitivity 
fl Reliability of a model 
fl D Reliability index of a damaged structure 
fl L Reliability index of an intact structure 
PM," Minimum reliability index 
flr Target reliability index 
~u Adaptation of the total displacement increment 
8 Vertical displacement 
& Iterative increment 
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Pc 
Ps 
; 
<1>( .) 
%LFT 
Integrating crack normal strain 
Algorithm tolerance for iteration 
Local axis 
Mean of Tc 
Average thickness loss 
Mean points 
Mean value of safety margin 
A thickness loss parameter 
Densi ty of concrete 
Density of structural steel 
Tensile stress of concrete 
Tensile stress of concrete at cracking 
Strength of steel 
Ultimate strength of a bridge model 
Standard deviation of safety margin 
Standard deviation of thickness loss parameter 
Local axis 
Cumulative distribution function of a standard normal variable 
The average percentage loss of flange thickness 
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ACI 
AASHTO 
ALL 
BA 
BD 
BSALL 
BSLL 
CCD 
CDF 
COY 
C&U 
DAF 
DMRB 
CQ2RS 
FCM 
FE 
FEM 
FORM 
GN 
HB 
Abbreviations 
American Concrete Institute 
American Association Of State Highway And Transportation 
Officials 
Assessment Live Loading 
A document reference representing Advice Notes related to bridges 
published by the Highways Agency in the UK 
A document reference representing Design Manual related to bridges 
published by the Highways Agency in the UK 
BD 20/92 (DMRB 2.3.1) - defines "Design Manual for Roads and Bridges, 
Volume 2, Section 3, Part 1, Bridge Bearings. Use of BS 5400: Part: 1983" 
Bridge Specific Assessment Live Loading 
Basic Static Live Load 
Central Composite Design 
Cumulative Distribution Function 
Coefficient Of Variation 
Construction And Use 
Dynamic Amplification Factor 
Design Manual For Roads And Bridges 
Complete Quadratic Response Surface With Re-Sampling 
Fracture Critical Bridge Member 
Finite Element 
Finite Element Method 
First Order Reliability Methods 
Geometric Nonlinearity 
represent an abnormal vehicle unit loading in the UK 
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HKS Hibbitt, Karlsson & Sorensen, Inc 
HS One of AASHTO truck loadings in USA 
mc Increment 
KEL Knife Edge Load 
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LR Load Redistribution 
LSF Limit State Function 
NLFE Nonlinear Finite Element 
PC Personal Computer 
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RSF Response Surface Funtion 
RSM Response Surface Method 
RV Random Variable 
SLS Serviceability Limit State 
SORM Second Order Of Reliability Methods 
SP Section Points 
STGO Special Types Of General Order 
TRL Transportation Research Laboratory 
UOL Uniformly Distributed Load 
UK United Kingdom 
ULS Ultimate Limit State 
US United States 
VPSM Vector Projection Sampling Method 
WIM Weigh-In-Motion 
XII 
University of Surrey Table of Contents 
Table of Contents 
ABSTRACT ................................................................................................................. 11 
ACKNOWLEDGEMENTS ............................................................................................. IV 
DECLARATION .......................................................................................................... VI 
NOTATION ............................................................................................................... VII 
ABBREVIATIONS ....................................................................................................... XI 
TABLE OF CONTENTS .............................................................................................. XIII 
LIST OF FIGURES .................................................................................................... XIX 
LIST OF TABLE ..................................................................................................... XXIX 
CHAPTER 1 
I NTR 0 Due TI 0 N .................................................................... 1-1 
1.1 INTRODUCTION ................................................................................................. 1-1 
1.2 OBJECTIVE AND SCOPEOFPRESENTWORK ...................................................... 1-3 
1.3 ORGANISATION OF THESIS ................................................................................ 1-5 
CHAPTER 2 
LITERATURE REVIEW ........................................................ 2-1 
2.1 INTRODUCTION ................................................................................................. 2-1 
2.2 RESEARCH ON RELIABILITY OF COMPOSITE BRIDGES ...................................... 2-2 
2.3 LEVELS OF BRIDGE ASSESSMENT ..................................................................... 2-6 
2.3.1 General Concept ...................................................................................... 2-6 
2.3.2 Deterministic Assessment; Levels 1 to 3 .................................................. 2-7 
2.3.3 Probabilistic Assessment; Levels 4 to 5 ................................................... 2-8 
2.3.4 Conclusions ........................................... ................................................... 2-9 
xiii 
University of Surrey Table of Contents 
2.4 BASIC THEORIES ............................................................................................ 2-10 
2.4.1 General. ............................................... ................................................... 2-10 
2.4.2 Uncertainties .......................................................................................... 2-10 
2.4.3 Basic Theories of Reliability .................................................................. 2-11 
2.4.4 FORM and SORM .................................................................................. 2-12 
2.4.5 Response Surface Method ...................................................................... 2-15 
2.4.6 System Reliability ................................................................................... 2-22 
2.4.7 Failure Criteria of Bridge System .......................................................... 2-24 
2.4.8 Minimum Acceptance Criteria ............................................................... 2-26 
2.4.9 Conclusions ............................................................................................ 2-28 
2.5 DAMAGE ........................................................................................................ 2-29 
2.5.1 Damage on Composite Bridges .............................................................. 2-29 
2.5.2 Damage on Steel Girders ....................................................................... 2-29 
2.5.3 Damage on RC Slab ............................................................................... 2-35 
2.5.4 Damage Tolerance ................................................................................. 2-36 
2.6 TRAFFIC LOADING .......................................................................................... 2-37 
2.6.1 Overview ................................................................................................ 2-37 
2.6.2 Types of Traffic wading ......................................................................... 2-37 
2.6.3 wad Effects ............................................................................................ 2-42 
2.6.4 Available Traffic Data ............................................................................ 2-44 
2.6.5 Conclusions ............................................................................................ 2-46 
2.7 CONSTITUTIVE MODELS OF CONCRETE .......................................................... 2-47 
2.7.1 Overview ................................................................................................ 2-47 
2.7.2 Concrete Crack Models .......................................................................... 2-47 
2.7.3 Conclusions ............................................................................................ 2-52 
xiv 
University of Surrey Table of Contents 
2.8 STATISTICAL DATA FOR RELIABILITY ANALYSES ............................................ 2-53 
2.9 CONCLUSIONS ................................................................................................ 2-5.+ 
CHAPTER 3 
MODELLING OF BRIDGES USING FEM 
PROGRAMMES ..................................................................................................... 3-1 
3.1 INTRODUCTION ................................................................................................. 3-1 
3.2 OUTLINE OF BRIDGE MODEL ............................................................................ 3-2 
3.3 MODELLING WITH DIANAJABAQUS ............................................................. 3-3 
3.3.1 Genera!. ....................................................... ............................................. 3-3 
3.3.2 Basic Input Data ...................................................................................... 3-4 
3.3.3 Element Types ................................................................ ........................... 3-5 
3.3.4 Integration Points in the Cross Sections .................................................. 3-8 
3.3.5 Connections between Beams and Slab ................................................... 3-10 
3.3.6 Application of Concrete Crack/Constitutive Models .............................. 3-11 
3.3.7 Traffic Loading ....................................................................................... 3-12 
3.3.8 Development of Half Model ................................................................... 3-15 
3.3.9 Geometric Nonlinearity ............................................... ........................... 3-15 
3.3.10 Effects of Boundary Conditions ........................................................... 3-16 
3.3.11 The Incremental-Iteration Algorithm ................................................... 3-19 
3.4 FAILURE CRITERIA ......................................................................................... 3-26 
3.4.1 Failure Criteria of Materials ................................................................. 3-26 
3.4.2 Failure of the Bridge System .................................................................. 3-29 
3.4.3 Effect of Failure of Load Redistribution System .................................... 3-30 
3.5 VALIDATION OF MODELLING; FULL-SCALE BRIDGE TEST .............................. 3-33 
xv 
University of Surrey Table of Contents 
3.5.1 Overview ................................................................................................ 3-33 
3.5.2 Outline of the Full-Scale Bridge Mode!.. ............................................... 3-33 
3.5.3 Modelling ............................................................................................... 3-34 
3.5.4 Simulation Results .................................................................................. 3-37 
3.5.5 Discussions and Conclusions ............................................ ..................... 3-45 
3.6 CONCLUSIONS ................................................................................................ 3-47 
CHAPTER 4 
DETERMINISTIC ANALYSES FOR INTACT BRIDGE 
MODEL .................................................................................................................... 4-1 
4.1 INTRODUCTION ................................................................................................. 4-1 
4.2 SIMULATIONS WITH DIANA ............................................................................ 4-2 
4.2.1 Overview .................................................................................................. 4-2 
4.2.2 Effects of Basic Parameters ..................................................................... 4-2 
4.2.3 Resultsfor Two Lane Loading .................................................................. 4-7 
4.2.4 Results for a Central Single-Lane Loading ............................................ 4-22 
4.2.5 Results for an Eccentric Single-Lane Loading ...................................... 4-30 
4.2.6 Comparison of Lateral Capacity with Nebraska Bridge ....................... 4-38 
4.2.7 Concluding Remarks for Single-Lane Loading ...................................... 4-39 
4.3 SIMULATIONS WITHABAQUS ....................................................................... 4-41 
4.3.1 Premature Termination ... ........................................................................ 4-41 
4.3.2 Riks Method ................................................ ............................................ 4-43 
4.3.3 'STABILIZE' Option ............................................................................... 4-44 
4.3.4 Effects of Concrete Constitutive Models ................................................ 4-46 
4.3.5 Discussions and Conclusions ................................................................. 4-48 
XVI 
University of Surrey Table of Contents 
4.4 PARAMETRIC STUDIES .................................................................................... 4-49 
4.5 CONCLUSIONS ................................................................................................ -+-58 
CHAPTER 5 
RELIABILITY ANALYSES ................................................... 5-1 
5 .1 INTRODUCTION ................................................................................................. 5-1 
5.2 BASIC ITEMS OF RELIABILITY ANALYSES ......................................................... 5-2 
5.2.1 Evaluation of Reliability .......................................................................... 5-2 
5.2.2 Required Number of RSFs ........................................................................ 5-4 
5.2.3 Required Computation Work .................................................................... 5-6 
5.2.4 Damage Type; Corrosion ......................................................................... 5-7 
5.2.5 Failure Modes; Flexural Bending ............................................................ 5-8 
5.2.6 Corrosion Pattern; Overall Corrosion on Web ........................................ 5-8 
5.2.7 Limit States ............................................................................................... 5-9 
5.2.8 Damage 1ndex ........................................................................................ 5-11 
5.2.9 Traffic Loading for Reliability Analyses ................................................ 5-11 
5.2.10 Element Types for Reliability Analyses ................................................ 5-14 
5.2.11 Programmes for Reliability Analyses ................................................... 5-1 5 
5.2.12 Evaluation of ULS for Reliability Analyses ......................................... 5-1 5 
5.3 RELIABILITY ANALYSES FOR THE INTACT BRIDGE MODEL ............................. 5-18 
5.3.1 Overview ................................................................................................ 5-18 
5.3.2 Selection of Random Variables ................................................ · .......... · .. · 5-18 
5.3.3 Analysis Results for Two-Lane Loading ... .............................................. 5-21 
5.3.4 Analysis Results for Single-Lane Loading ............................................. 5-24 
5.3.5 Ewlluatioll of Reliability ........................................................................ 5-26 
XVII 
University of Surrey Table of Contents 
5.3.6 Conclusions ............................................................................................ 5-26 
5.4 RELIABILTY ANALYSES FOR DAMAGED STATES .............................................. 5-28 
5.4.1 Overview ................................................................................................ 5-28 
5.4.2 Random Variables .................................................................................. 5-28 
5.4.3 20% Damaged Model ............................................................................. 5-30 
5.4.4 40% Damaged Model.. ...................................... ..................................... 5-34 
5.4.5 Conclusions ............................................................................................ 5-39 
5.5 DISCUSSIONS .................................................................................................. 5-41 
5.6 CONCLUSIONS ................................................................................................ 5-43 
CHAPTER 6 
CONCLUSIONS ...................................................................... 6-1 
6.1 INTRODUCTION ................................................................................................. 6-1 
6.2 DETERMINISTIC ANALYSES .............................................................................. 6-2 
6.3 RELIABILITY ANALYSES ................................................................................... 6-4 
6.4 SUGGESTIONS FOR fuRTHER STUDIES .............................................................. 6-7 
REFERENCES .............................................................................................................. I 
APPENDICES ............................................................................................................ 1 
ApPENDIX 1: DIANA MODEL (HALF MODEL) .......................................................... 1 
ApPENDIX 2: ABAQUS MODEL (FULL MODEL) ....................................................... 1 
ApPENDIX 3:TABULAR DATA FROM DIANA .................................................. · ........ · .. ·· 1 
ApPENDIX 4: LOAD-DISPLACEMENT CURVES ............................................................ 1 
ApPENDIX 5: EXPERIMENTAL DESIGNS AND RESULTS ............................................... 1 
ApPENDIX 6: RESULTS OF RELIABILITY ANALYSES ................................................... 1 
X V III 
University of Surrey List of Figures 
List of Figures 
Figure 2.1 Concept of probability of failure ........................................................... 2-11 
Figure 2.2 Transformation into standardised normal space (U space) .................... 2-13 
Figure 2.3 Failure probability in standard normal distribution ............................... 2-14 
Figure 2.4 Central composite design for two random variables ............................. 2-17 
Figure 2.5 Sampling Points ..................................................................................... 2-19 
Figure 2.6 Representation of system ....................................................................... 2-22 
Figure 2.7 Corrosion Patterns in Steel Girder. ........................................................ 2-31 
Figure 2.8 System Load Rating for Corroding Steel Bridge Girder ....................... 2-32 
Figure 2.9 Varying thickness loss corrosion model ................................................ 2-33 
Figure 2.10 Dimensions of HB vehicle ................................................................... 2-39 
Figure 2.11 Configuration of Vehicular Loading .................................................... 2-41 
Figure 2.12 HS-20 Truck load (USA: AASHTO) ................................................... 2-41 
Figure 2.13 Extreme Type I distribution ............................................................ 2-42 
Figure 2.14 Illustration of CDFs for Moments due to Surveyed Trucks ................ 2-43 
Figure 2.15 Tensile constitutive models in ABAQUS ............................................ 2-52 
Figure 3.1 Location of current bridge model and the shape of traffic lanes ............. 3-2 
XIX 
University of Surrey List of Figures 
Figure 3.2 Cross section of modeL ........................................................................... 3-3 
Figure 3.3 Constitutive models for girder steel and reinforcements ......................... 3--+ 
Figure 3.4 Curved shell (CQ40S-quadrilateral, 8 nodes) .......................................... 3-6 
Figure 3.5 Beam element (CLI8B, 3 nodes) ............................................................. 3-6 
Figure 3.6 Reinforcements embedded in slab ........................................................... 3-6 
Figure 3.7 Reinforcements grid ................................................................................ 3-7 
Figure 3.8 Equivalent thickness of reinforcement grid ............................................. 3-7 
Figure 3.9 Integration Points in ABAQUS ............................................................... 3-8 
Figure 3.10 Integration Points in DIANA (default) .................................................. 3-9 
Figure 3.11 Integration schemes in quadrilateral zone in DIANA ........................... 3-9 
Figure 3.12 Integration schemes in present model (DIANA) ................................... 3-9 
Figure 3.13 Modelling in DIANA ............................................. ····· ......................... 3-10 
Figure 3.14 Modelling in ABAQUS ....................................................................... 3-11 
Figure 3.15 Compression Behaviour of Concrete ................................... ················ 3-12 
Figure 3.16 Load-deflection curves for three 40t vehicle ALLs ............................. 3-14 
Figure 3.17 Mesh system and two 40t vehicle ALLs ................................. ············· 3-1-+ 
Figure 3.18 Beams and cross beams of a half model (DIANA) ............................. 3-15 
xx 
University of Surrey List of Figures 
Figure 3.19 Load-deflection Curves for Half Model .............................................. 3-16 
Figure 3.20 Movement of slab due to rotation ........................................................ 3-17 
Figure 3.21 Hinge Supports at Both Ends ............................................................... 3-17 
Figure 3.22 Simply Supported Bridge .................................................................... 3-18 
Figure 3.23 Boundary conditions (ABAQUS) ........................................................ 3-19 
Figure 3.24 Iteration process ................................................................................... 3-20 
Figure 3.25 Regular Newton-Raphson iteration ..................................................... 3-21 
Figure 3.26 Modified Newton-Raphson iteration ................................................... 3-22 
Figure 3.27 Linear Stiffness Method ....................................................................... 3-22 
Figure 3.28 Application of Arc-length method ....................................................... 3-24 
Figure 3.29 Effects of increment size control by DIANA ...................................... 3-25 
Figure 3.30 Application of the Newton-Raphson method ...................................... 3-25 
Figure 3.31 Concrete failure surfaces in the p-q plane ........................................... 3-26 
Figure 3.32 Concrete failure surfaces in plane stress ..................................... ········· 3-26 
Figure 3.33 von Mises stresses at a beam ............................................................... 3-28 
Figure 3.34 Simplified parallel system ................................................................... 3-30 
Figure 3.35 Effects of load distribution system ...................................................... 3-31 
XXI 
University of Surrey List of Figures 
Figure 3.36 Cross Section of Nebraska Bridge ....................................................... 3-3-+ 
Figure 3.37 Mesh system of Nebraska Bridge with ABAQUS ............................... 3-3-+ 
Figure 3.38 Load-deflection curves of Nebraska Bridge (ABAQUS, No GN) ...... 3-37 
Figure 3.39 Nebraska Bridge (No GN ~ DIANA) .................................................... 3-38 
Figure 3.40 Cracks on top slab (rotate, No GN, scale=0.3) .................................... 3-39 
Figure 3.41 Cracks on bottom slab (rotate, No GN, scale=0.3) .............................. 3-40 
Figure 3.42 Yielding of transverse reinforcement (rotate, bottom, inc=8) ............. 3-40 
Figure 3.43 Yielding of transverse reinforcement (rotate, bottom, inc=7) ............. 3-41 
Figure 3.44 Equilibrium of Lateral Forces (Failure of LR system) ........................ 3-41 
Figure 3.45 von Mises stresses at beams (bottom flange) ...................................... 3-42 
Figure 3.46 Crushing on top slab (rotate, inc=7) .................................................... 3-42 
Figure 3.47 Nebraska Bridge (DIANA, Geometric Nonlinearity) .......................... 3-44 
Figure 3.48 Yielding of transverse reinforcement (rotate, bottom, inc= 12, GN) .... 3-44 
Figure 3.49 Yielding of transverse reinforcement (rotate, bottom, inc=8, GN) ...... 3-45 
Figure 3.50 Cracking on bottom slab (rotate, inc=8, GN) ...................................... 3-45 
Figure 3.51 Cracking on bottom slab (rotate, inc= 12, GN) .................................... 3-46 
Figure 4.1 Load-deflection curve (rotating, Thorenfeldt) ......................................... -+-2 
XXII 
University of Surrey List of Figures 
Figure 4.2 Fixed vs. Rotating crack model (GN, Thorenfelt) .................................. ..-t-3 
Figure 4.3 Comparison of crack models in DIANA ................................................ .4-3 
Figure 4.4 Crack patterns on top slab for the fixed crack model (inc = 32) ............ ..-t-4 
Figure 4.5 Crack patterns on bottom slab (Zoom In, inc = 32; rotating model) ...... .4-5 
Figure 4.6 Crack patterns on bottom slab (Zoom In, inc = 32; fixed model) .......... .4-5 
Figure 4.7 Ideal vs. Thorenfeldt (compressive model) ............................................ .4-6 
Figure 4.8 von Mises stress at beams (top flange, inc=61) ...................................... .4-7 
Figure 4.9 The variation of the load factor with the defection of the slab centre .... .4-8 
Figure 4.10 Von Mises stresses in the beams (top flange, inc=81) .......................... .4-8 
Figure 4.11 Von Mises stress at middle of outer beam (at increment 81) ................ .4-9 
Figure 4.12 Von Mises stresses in the beams (top flange, inc=51) .......................... .4-9 
Figure 4.13 Von Mises stresses in the beams (mid-web, inc=32) .......................... .4-10 
Figure 4.14 Stresses of bottom transverse reinforcements (inc=32) ...................... .4-1 0 
Figure 4.15 Stresses in bottom transverse reinforcements (inc=51) ....................... 4-11 
Figure 4.16 Plastic strain in the top longitudinal reinforcements (inc=32) ............ 4-11 
Figure 4.17 Numeric plot of plastic strain in the top reinforcements (xx, inc=32) 4-12 
Figure 4.18 Plastic strain of top longitudinal reinforcements (xx, inc=51) ........... .4-12 
XXlll 
University of Surrey List of Figures 
Figure 4.19 Plastic strain of bottom longitudinal reinforcements (xx, inc=51) ..... "+-13 
Figure 4.20 Cracking on bottom slab (inc=3) ........................................................ .4-13 
Figure 4.21 Cracking on bottom slab (inc= 7) ......................................................... 4-14 
Figure 4.22 Cracking on bottom slab (inc=32) ....................................................... 4-14 
Figure 4.23 Cracking on bottom slab (inc=51) ...................................................... "+-15 
Figure 4.24 Cracking status on bottom slab (inc=51) ............................................ .4-15 
Figure 4.25 Crack status labels - linear tension softening ..................................... .4-16 
Figure 4.26 Shift of neutral axis .............................................................................. 4-17 
Figure 4.27 Cracking on slab (SP 7, inc=32) ......................................................... .4-17 
Figure 4.28 Crack patterns on top slab (inc = 32) .................................................. .4-18 
Figure 4.29 Status of plasticity (crushing) of top slab (inc= 19) ............................ .4-18 
Figure 4.30 Crushing of top slab (inc=25) ............................................................. .4-19 
Figure 4.31 Crushing of top slab (inc=31) ............................................................. .4-19 
Figure 4.32 Crushing of top slab (inc=51) ............................................................. .4-20 
Figure 4.33 Crushing of bottom slab (inc=32) ........................................................ 4-20 
Figure 4.34 Crushing of bottom slab (inc=51 ) ........................................................ 4-21 
Figure 4.35 Load-deflection curve before and after application of pavement loading4-21 
XXIV 
University of Surrey List of Figures 
Figure 4.36 Load-deflection curve for single centralloading ................................. 4-23 
Figure 4.37 Plastic strain in the bottom transverse reinforcement (inc=53) .......... .4-23 
Figure 4.38 Cracking on bottom of the slab (inc=53) ............................................. 4-24 
Figure 4.39 Von Mises stresses in the top flange of beams (inc=67) ..................... .4-24 
Figure 4.40 Zoom in on the yielded area of beam (inc=67) .................................. .4-25 
Figure 4.41 Mechanism of the falure of LR system .............................................. .4-25 
Figure 4.42 Cracking on bottom of the slab (inc=67) ............................................ .4-26 
Figure 4.43 Cracking on top of the slab (inc=53) .................................................. .4-27 
Figure 4.44 Cracking on top of the slab (inc=67) .................................................. .4-27 
Figure 4.45 Cracking status on top of the slab (inc=67) ........................................ .4-28 
Figure 4.46 Crushing on top of the slab (inc=53) .................................................. .4-28 
Figure 4.47 Crushing on top slab (inc=67) ............................................................ .4-29 
Figure 4.48 Crushing on bottom slab (inc=67) ...................................................... .4-29 
Figure 4.49 Cracking status on bottom slab (inc=67) ............................................. 4-30 
Figure 4.50 Load-deflection curve for eccentric single-lane loading .................... .4-31 
Figure 4.51 Deformed shape (inc= 101) ................................................................. .4-31 
Figure 4.52 Von Mises stresses in the beams (inc=44, bottom flange) ................... 4-32 
xx\' 
U ni versity of Surrey List of Figures 
Figure 4.53 Von Mises stresses in the beams (inc=44, web) .................................. .4-32 
Figure 4.54 Von Mises stresses in the beams (inc=44, top flange) ......................... 4-33 
Figure 4.55 Simplified illustration of the yielding of beams (longitudinal) ........... 4-33 
Figure 4.56 Simplified illustration of the yielding of beams (transverse) ............. .4-33 
Figure 4.57 Von Mises stresses in the beams (inc=101, top flange) ....................... 4-34 
Figure 4.58 Cracking on the top of the slab (inc=44) ............................................ .4-35 
Figure 4.59 Cracking on the top of the slab (inc=10l) .......................................... .4-35 
Figure 4.60 Cracking on the bottom of the slab (inc=44) ...................................... .4-36 
Figure 4.61 Cracking on the bottom of the slab (inc=101) .................................... .4-36 
Figure 4.62 Crushing on the top of the slab (inc=101) .......................................... .4-37 
Figure 4.63 Crushing on the bottom of the slab (inc=101) .................................... .4-37 
Figure 4.64 Yielding of lower transverse reinforcements (yy, inc=101) ............... .4-38 
Figure 4.65 Progressive failure of beams (eccentric loading) ................................ .4-38 
Figure 4.66 ABAQUS vs. DIANA ........................................................................ .4-41 
Figure 4.67 Von Mises stresses in the top flange of the beams at termination ....... 4-42 
Figure 4.68 Message file of three beam slab model.. ............................................. .4-42 
Figure 4.69 Von Mises stresses at termination (EI: 10026, middle of outer beam) 4-43 
XX\'l 
University of Surrey List of Figures 
Figure 4.70 Application of STABILIZE option (ABAQUS) ................................. ..+-45 
Figure 4.71 Viscous Forces .................................................................................... ..+-46 
Figure 4.72 Load-deflection curves (ABAQUS vs. DIANA) ................................. .+-.+7 
Figure 4.73 von Mises stresses (top flange, SP 3) .................................................. 4-47 
Figure 4.74 Parametric study for strength of structural steel ................................. .4-50 
Figure 4.75 Parametric study for concrete strength ............................................... .4-50 
Figure 4.76 Parametric study for strength of reinforcement .................................. .4-51 
Figure 4.77 Parametric study for thickness of bottom flange ................................ .4-51 
Figure 4.78 Parametric study for thickness of top flange ...................................... .4-52 
Figure 4.79 Parametric study for thickness of web ................................................. 4-52 
Figure 4.80 Parametric study for height of steel girder ......................................... .4-53 
Figure 4.81 Parametric study for thickness of slab ................................................ .4-53 
Figure 4.82 Parametric study for thickness of pavement ........................................ 4-54 
Figure 4.83 Parametric study for density of concrete ............................................ .4-54 
Figure 4.84 Parametric study for density of structural steel .................................. .4-55 
Figure 4.85 Parametric study for elastic modulus of structural steel ..................... .4-55 
Figure 4.86 Variations of parameters ..................................................................... .4-56 
XXVII 
University of Surrey List of Figures 
Figure 5.1 Procedure of reliability analysis .............................................................. 5-3 
Figure 5.2 Required number of resistance RSFs for different states ........................ 5--+ 
Figure 5.3 Application of variations of RV s ............................................................. 5-6 
Figure 5.4 Corrosion patterns .................................................................................... 5-9 
Figure 5.5 Effects of steel strength ......................................................................... 5-10 
Figure 5.6 Load-deflection curves (eccentric single-lane loading, No pavement) .5-1-+ 
Figure 5.7 Load-displacement curves ..................................................................... 5-15 
Figure 5.8 Load-deflection curve (I-lane, 40%, initial) .......................................... 5-16 
Figure 5.9 Varying thickness loss model for the present study ............................... 5-29 
Figure 5.10 Change of Reliability Index (Total) ..................................................... 5-39 
Figure 5.11 Change of Reliability Index (Single-lane) ........................................... 5-40 
Fig. 1 Load-displacement curves (20%, single-lane, initial iteration) ................... A4.1 
Fig. 2 Load-displacement curves (40%, single-lane, initial iteration) ................... A4.1 
XXVlll 
University of Surrey List of Table 
List of Table 
Table 2.1 Comparison between Moses & Ghosn's work and the present work ........ 2-5 
Table 2.2 Values of a .......... .................................................................................. 2-18 
Table 2.3 Reliability States ...................................................................................... 2-27 
Table 2.4 Axle weights and spacing of the vehicle loading for the 40t ALL .......... 2-41 
Table 2.5 Examples of traffic load models for load effects ..................................... 2-45 
Table 2.6 Characteristics of smeared crack models ................................................ 2-48 
Table 2.7 Characteristics of fixed and rotating crack models ................................. 2-50 
Table 2.8 Comparison of isotropic damage model with smeared crack model ...... 2-51 
Table 2.9 Statistics of basic RVs for steel girder and concrete slab bridges ........... 2-53 
Table 3.1 Outline of current bridge model ................................................................ 3-2 
Table 3.2 Geometrical properties of bridge model study (nominal) ......................... 3-4 
Table 3.3 Material properties of bridge model for present study .............................. 3-5 
Table 3.4 Element types used in present study (DIANA) ......................................... 3-7 
Table 3.5 Element types used in ABAQUS .............................................................. 3-8 
Table 3.6 Concrete crack models currently available in DIANA! ABAQUS .......... 3-11 
Table 3.7 Adjustment of Axle Spacing (Original/Adjusted) ................................... 3-13 
Table 3.8 Incremental-iteration methods used in the present study ........................ 3-24 
Table 3.9 Input Data for the Nebraska Bridge ........................................................ 3-35 
XXIX 
University of Surrey List of Table 
Table 4.1 Comparison of Factors ........................................................................... .4-39 
Table 4.2 Basic parameters and the results of parametric study ............................. .+-49 
Table 4.3 Parametric study for strength of structural steel.. ................................... .4-50 
Table 4.4 Parametric study for concrete strength ................................................... .4-50 
Table 4.5 Parametric study for strength of reinforcement.. .................................... A-51 
Table 4.6 Parametric study for thickness of bottom flange .................................... .4-51 
Table 4.7 Parametric study for thickness of top flange .......................................... .4-52 
Table 4.8 Parametric study for thickness of web ................................................... .4-52 
Table 4.9 Parametric study for height of steel girder ............................................. .4-53 
Table 4.10 Parametric study for thickness of slab .................................................. .4-53 
Table 4.11 Parametric study for thickness of pavement.. ....................................... .4-54 
Table 4.12 Parametric study for density of concrete .............................................. .4-54 
Table 4.13 Parametric study for density of structural steel .................................... .4-55 
Table 4.14 Parametric study for elastic modulus of structural steel ...................... .4-55 
Table 5.1 Required Number of RSFs ........................................................................ 5-5 
Table 5.2 Total number of computing (for one type of damage, 1 iteration) ............ 5-7 
Table 5.3 Assumed live model for present study .................................................... 5-12 
Table 5.4 Models for an eccentric single-lane loading ........................................... 5-14 
Table 5.5 Initial RV s for reliability analyses ........................................................... 5-18 
Table 5.6 Summary of Reliability Results for.+ RVs .............................................. 5-20 
xxx 
University of Surrey List of Table 
Table 5.7 RVs for reliability analyses for intact bridge model. ............................... 5-21 
Table 5.8 RVs for the damaged state ....................................................................... 5-29 
Table 5.9 Change of ULS ............................................................................. 5--+0 
XXXI 
Chapter 1 
Introduction 
1.1 Introduction 
Bridge management may indicate "the rational planning and implementation of all 
actions necessary to ensure the safety, serviceability and durability of a bridge 
throughout its service life" as defined by Shetty [1,2]. For most bridge managers, in 
practice, this means a process of balancing between a deteriorating bridge stock and 
restricted resources for maintenance and repair [2]. 
About 90% of the current bridges in the UK have been constructed since mid-1950s 
with a design life of 120 years [2]. However, it has been found that many structures 
require some type of remedial actions within less than a quarter of their design life 
[3]. A bridge census and sample survey [4] performed in 1987 showed that 50-60% 
of the older concrete and steel bridges are likely to be sub-standard. Rehabilitation 
of the sub-standard bridges requires vast resources [5], which may be a major 
impending financial burden for a country [6]. In practice, a 15-year assessment and 
strengthening programme for trunk road bridges started in October 1987 with an 
estimated total cost of £ 1,000 million [7]. Also, remedial works may cause great 
inconvenience to the public [5]. 
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Under these circumstances, serious doubts began to be raised as to the reliability of 
the assessment results [7], because a large number of the sub-standard bridges show 
little evidence of distress [2, 7]. This triggered the spread of the idea that a failed 
assessment does not necessarily mean that a bridge is not adequate [2]. It was also 
reported in the USA that many bridges that had been safely kept in service were 
rated structurally inadequate [8]. 
Theoretically, the safety index is defined by [9] 
where, Z: Safety margin 
f.1z : Mean value of safety margin 
<7:; : Standard deviation (uncertainty) 
Accordingly, the assessment result is affected by various uncertainties [8] such as 
uncertainties in loads and material properties, uncertainties in the analysis models, 
uncertainties in measurement and inspection techniques and uncertainties in 
deterioration over time [10]. 
Taking into account the uncertainties, codes and standards generally employ partial 
factors in order to ensure an appropriate level of safety for bridges. Since the partial 
factors are determined assuming that extreme situations could occur during service 
life, the rules tend to be conservative. And it may cause unnecessary strengthening 
or needless load restrictions. [10] 
Uncertainty levels in the existing bridges are, in general, less severe than the 
assumptions of the design codes for new bridges [8]. In the UK, therefore, 
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modification of the bridge design rules was made to be appropriate for existing 
bridges [7, 11-13]. Also, the calibration of the assessment traffic loading for short 
span bridges was carried out [5, 7]. 
However, it is said that more rational treatment of uncertainties can be achieved by 
the reliability-based bridge assessment. Therefore, much effort has been devoted to 
the development of the reliability-based bridge assessment over the last decade with 
a view to achieving the best possible use of bridge maintenance resources. The 
Highways Agency in the UK also commissioned a number of projects to develop 
reliability-based assessment methods for bridges [5]. A probabilistic live load model 
for reliability-based bridge assessments was developed using traffic data collected 
by Transportation Research Laboratory (TRL). Furthermore, detailed guidance on 
the application of reliability-based bridge assessments such as level 4 and level 5 
assessments is being developed. Also, the development of a system reliability-based 
bridge assessment was commissioned [10]. 
Especially, a system reliability-based bridge assessment method which takes into 
account system behaviour and its redundancy is expected to provide a tool for more 
rational bridge assessment [14]. 
1.2 Objective and Scope of Present Work 
The objective of the present research is basically to develop the system reliability-
based bridge assessment method for damaged composite bridges. A response surface 
method (RSM) will be adopted in combination with the nonlinear finite element 
(NLFE) analyses to reduce the prohibitive computational efforts that the Monte 
Carlo simulation method requires for the evaluation of the reliability of a bridge 
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system. 
Some works have been made for the system reliability of a bridge. Gongkang et al 
[15] investigated the effects of the loss of a steel girder on the reliability of a bridge 
system using the importance sampling method. In particular, Ghosn et at [16, 17] 
addressed the system reliability of composite bridges using the RSM. The loss of a 
girder was used for a damage type. 
Since a simplified finite element (FE) method such as the grillage analysis was used 
in Ghosn's work, the resistance of an entire girder was used as a random variable. 
Also, the failure of the load redistribution (LR) system due to punching shear was 
suppressed for simplicity, although a full-scale bridge test was found to stop due to 
the punching shear. In order to circumvent this problem, Ghosn et al assumes that the 
lateral capacity of a slab is perfectly rigid [18-21]. 
With the development of NLFE analysis and the increase in the capacity of 
computers, however, much more refined analyses can now be performed. Since sub-
di vided basic random variables such as strength of steel/concrete, thickness of 
web/flange and thickness of pavement can be used, it would be possible to 
investigate the effects of many other critical damages on the reliability of a bridge 
system. For example, the effects of corrosion were addressed in the present study. Of 
course, failure of the LR system was also incorporated, which may provide a more 
reasonable measure of reliability of a bridge system. 
Also, it is expected that detailed analyses for the progressive failure of a bridge may 
contribute to the development of the technologies required for the deterministic 
bridge assessment such as level 2 and level 3 assessment in the UK. 
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1.3 Organisation of Thesis 
The results of a literature review are addressed in chapter 2. Basic theories related to 
the system reliability-based bridge assessment method using the RSM in 
combination with the NLFE analyses were reviewed. Also, other research works 
closely connected to the present study were reviewed. A detailed review of the 
typical damage types of steel girder bridges has been made as well as traffic loading. 
In chapter 3, a numerical bridge model used for the present study was developed. An 
actual composite bridge in the UK was selected for the present study. Also, failure 
criteria of a bridge system in addition to each materials were considered. Special 
attention was paid to the failure of load redistribution system due to punching shear 
failure. In addition, the validation of the use of commercial structural analysis 
programmes such as ABAQUS and DIANA was made using the results of an full-
scale bridge test. Based on the results, selection of an FE programme used for the 
ultimate strength analyses within the system reliability methodology was made. 
Deterministic analyses for the present bridge model are presented in chapter 4. 
Especially, the progressive failue of the bridge model was presented in detail. As 
well as cracking and crushing of the slab, yielding of beams and reinforcements 
were illustrated using various plotting techniques available in the FE programmes. 
Simulations were carried out for both a single-lane loading and a two-lane loading. 
Finally, parametric studies were carried out in order to investigate the effects of 
variation in various parameters on the ultimate strength of a bridge model. 
In chapter 5, the system reliability-based bridge assessment methodology which 
combines RSM and NLFE was developed. This methodology should provide a 
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reasonable and powerful tool for the bridge assessment. It was demonstrated using 
the actual UK bridge model. The evaluation of the reliability of the bridge model 
was made for both intact and damaged states using the resistance RSM. The entire 
process of developing a resistance RSM was given in detail in the reliability 
analyses for the intact bridge model. In addition, the reliability of damaged bridges 
were evaluated in order to investigate the effects of damage on the reliability of a 
bridge model. 
Chapter 6 summarises the achievements of the present research study. In addition, 
suggestions were made for further work. 
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Literature Review 
2.1 Introduction 
The present research aims to develop a system reliability-based bridge assessment 
method in combination ,with the response surface method (RSM) and nonlinear 
finite element (NLFE) analyses. 
Other research works closely connected to the present work are reviewed (Section 2.2). 
Also, the bridge assessment system in the UK is introduced (Section 2.3). The basis of 
the application of system reliability-based assessment is addressed in detail. The basic 
theories needed for the system reliability-based assessment are also reviewed in detail 
(Section 2.4). Special attention is paid to the review of the basic theory of the RSM. 
Also, various failure criteria for bridge systems are addressed. A detailed review of the 
typical types of damage in composite steel girder and reinforced concrete (Re) slab 
bridges (composite bridges) has been made (Section 2.5). In particular, special focus 
was placed on the corrosion patterns of structural steel and the effects of this corrosion 
on the structural behaviour of the bridges. Traffic loading that affects the resistance of 
bridges and load effects significantly are also reviewed in detail (Section 2.7). It was 
found that concrete constitutive models are very important for NLFE analyses 
(Section 2.8). Finally, statistical data for the reliability analyses are given (Section 2.9). 
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2.2 Research on Reliability of Composite Bridges 
Much effort has been made in the development of bridge assessment based on 
system reliability over the last decade. It appears that most of this has been focused 
on the improvement or refinement of existing bridge design or evaluation codes. In 
this section, some studies that are closely connected to the present work are 
summarised. Particular attention is paid to the work for the composite bridges and 
the traffic loading. 
The live-load models are one of the key factors in reliability analyses. Nowak et at 
[22] developed bridge live-load models using the heavy vehicle traffic data collected 
by the Ontario Ministry of Transportation in 1975. A method to calculate maximum 
truck moments and shears as a ratio of the corresponding loads caused by HS-20 
standard trucks was developed in the research. Using cumulative distribution 
functions (CDF) plotted on normal probability paper, the mean moments and shears 
were calculated for time periods from 1 day to 75 years. While new bridges are 
designed for a 50 or 75 year lifetime, existing bridges are assessed for 5 to 10 year 
periods [23]. Ghosn et al [20] uses a 75-year live load model for the calculation of 
the ultimate capacity and uses a 2-year live load model for the serviceability limit 
state considering the mandatory inspection period for US bridges. Details of the 
traffic loading will be addressed in detail later (section 2.6). 
Nowak et al [24] also performed reliability analyses for composite bridges. A 
product of strength and dimension was used for the resistance R. Reliability analyses 
were carried out both for a single girder and for the entire bridge system. The results 
showed that the reliability of steel girders was affected mostly by the plastic section 
modulus and yield stress. It was also found that slab dimensions and concrete 
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strength have little influence on the structural reliability. 
The reliability of damaged bridges has also been addressed. Gongkang et al [15] 
investigated the effects of the loss of a steel girder on the reliability of a bridge 
system. An importance sampling method was used to evaluate the system failure 
probability in the work. In particular, Ghosn et al [16, 17] addressed the system 
reliability of composite bridges using the RSM. Response surface functions (RSFs) 
were evaluated for both intact and damaged states. The loss of a girder was used for 
the damage type. For the intact bridge, a serviceability limit state was used together 
with the ultimate limit state. However, the modified grillage programme named 
NONBAN used in the work did not incorporate the failure of the load redistribution 
system due to punching shear, although a full-scale bridge test showed that the test 
had stopped due to the punching shear failure. The load redistribution capacity of 
bridges was assumed to be perfectl y rigid to avoid punching shear [19, 25]. 
Frangopol et al [26] also addressed system reliability-based bridge management. It 
would seem that the main focus of his research was on the optimisation of the 
lifetime bridge maintenance/repair strategies based on the system reliability [27-29]. 
In the UK, a number of projects were commissioned by the Highways Agency to 
develop site-specific reliability-based assessment methods for short span bridges, 
including revision of live loading criteria [12]. In 1990, statistical traffic data were 
collected for two weeks from the M6 and M5 motorway using a WIM (weigh-in-
motion) system by Transport Research Laboratory (TRL). The probabilistic live load 
model that can be applied directly in reliability-based bridge assessments was 
developed using TRL supplied traffic data. In addition, the calibration of the load 
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models using reliability analysis of a number of bridge spans and configurations was 
carried out by Chryssanthopoulos et al [13]. In particular, the focus was placed on 
the development of bridge-specific loading as a function of traffic flow and road 
roughness conditions [13]. The work shows that uncertainty in live load is most 
important on the loading side, whereas uncertainty on steel beam strength and 
modelling are both quite important on the resistance side in terms of sensitivity 
factors. On the other hand, sensitivity caused by uncertainty in the concrete strength 
is low. 
Detailed guidance on the application of reliability-based bridge assessments, such as 
level 4 and level 5 assessment, is being developed [10]. Also, a system reliability-
based bridge assessment method in combination with RSM and NLFE analysis is 
being developed for composite bridges. The three main stages of development are as 
follows [14]; 
1. Development of a loading model appropriate for system reliability 
analysis 
2. Methodology for ultimate progressive collapse analysis of bridges using 
NLFE. 
3. Development of the response surface methodology and guidelines for 
application 
Among the above three maIn steps, the present study places a focus on the 
development of the response surface methodology and methodology for ultimate 
progressive collapse analyses of bridges using NLFE. In particular, both intact 
bridges and damaged bridge models were addressed in the present study. 
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In summary, research on the reliability of compo ite bridge ha been addre ed in 
brief. Especially, Ghosn et al addressed the system reliability of compo ite bridge 
using the RSM. The present study may belong to a series of works implemented by 
the Highways Agency to develop site-specific reliability-based asse sment method 
for short span bridges. The major difference between Moses & Ghosn 's work and 
the present research work is summarised in Table 2.1. Also, traffic loading will be 
addressed in more detail later. 
Table 2.1 Comparison between Moses & Ghosn's work and the pre ent work 
Item Moses & Ghosn Present 
Bridge type 4 steel girder bridge 8 steel girder bridge 
NONBAN DIANA, ABAQUS 
Structural analysis 
(Grillage Analysis) (Full Structure Analysi ) 
HS-20 truck loading 40t vehicle ALL 
Loading 
Two-lane loading One and two-lane loading 
Failure of LR system Suppressed Considered 
Order of RSFs Linear Linear 
(Intact & Damaged) (Intact) 
- Resistance of each girder - Strength of steel 
- Dead Load - Thickness of bottom flange 
- Live Load - Thickness of pavement 
Basic RVs (Damaged) 
- Strength of teel 
- Thickne of pavement 
- Thickne 10 parameter 
Damage type -Lo of a girder - Corro ion on teel girders 
ALL: nt Li Loading LR: Load Redi tribution, R F: Re pon urfac unction 
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2.3 Levels of Bridge Assessment 
2.3.1 General Concept 
Chapter 2. Literature Re\·iew 
Partial safety factors employed in the codes and standards for design and assessment 
tend to be conservative for the majority of bridges and the extent of conservatism 
varies significantly for every bridge [30]. It is necessary to develop bridge specific 
criteria that take account of particular safety characteristics to avoid unnecessary 
strengthening and to ensure that the assessment rules provide a more consistent level 
of safety across the bridge stock. 
The levels of assessment for bridges in the UK are numbered 1 to 5 with Level 1 
being the simplest and Level 5 the most sophisticated. If a structure were shown to 
be adequate at a lower level that contains conservative load effects, then no further 
analysis would be required. If not, assessment work should continue, and higher 
levels should seek to remove any conservatism in the assessment calculations. 
One or more refinements over lower levels of assessment are introduced at each 
higher level of assessment [31]. It is not necessary that all the refinements be carried 
out in every case. There is no requirement in every case to continue the analysis up 
to Level 5 nor is it necessary to apply the Levels in sequence. However, it is likely 
that assessment to Levell, 2 or 3 would be implemented prior to Level -+ or 5 
assessments. 
Means for implementing the assessments at Levell, 2 and 3, which are deterministic 
assessments, are prescribed within existing assessment Standards and Advice Notes 
[30]. However, those for Level 4 and 5 which are based on reliability assessment are 
not available in existing Design Manual for Roads and Bridges (DMRB) Standards 
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and Advice Notes. The following is a summary of each level of assessment based on 
Shetty's paper [30], BA 79/98 [31] and a WS Atkins report for level -+ and 5 
assessment [10]. 
2.3.2 Deterministic Assessment; Levels 1 to 3 
Levell: Simple 
Onl y simple analysis methods are used and full values of partial safety factors are 
employed at this stage. This simplest level of assessment provides a conservative 
estimate of load capacity. 
Level 2: Refined 
More refined analysis such as grillage analysis or possibly finite element analyses 
may be used to justify higher capacities of the bridges. Nonlinear and plastic 
anal ysis such as yield line or orthotropic grillage can also be considered. At this 
level, the characteristic strengths for materials are determined based on existing 
available data such as mill test certificates or recent tests on another similar structure. 
Level 3: Bridge specific 
Assessment Live loadings from BD 21 for short span bridges and from BD 50 for 
long span bridges are used in the Levelland 2 assessments. However, the Level 3 
assessment includes the option to use Bridge Specific Assessment Live Loading 
(BSALL). 
1. For short span bridges (loaded length less than 50m), developing 
BSALL is generally not considered cost effective. BD 21/97 already 
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includes the refinements that take account of varying traffic flow and 
surface irregularities. 
11. Long span bridges can benefit from the development of BSALL in cases 
where traffic is light. 
Material tests may be used to determine the characteristic strength or yield strength 
and also worst credible strength or worst credible yield stress. 
2.3.3 Probabilistic Assessment; Levels 4 to 5 
Generall y, this probabilistic approach makes it possible to cut or reduce the 
strengthening or rehabilitation cost without compromising on the safety level of 
bridges [32]. 
Level 4: Modified criteria 
In order to reduce the conservatism, the Level 3 assessment uses bridge specific 
material strengths and loads in an assessment of a bridge [31]. In addition, Level 4 
assessment aims at modifying the assessment criteria taking into account any 
additional safety characteristics to the specific structure through rigorous reliability 
analysis, or by judgment. Assessment criteria can be amended considering loading 
history and consequences of the failure of a bridge. 
LevelS: Reliability analysis 
In this level of assessment, partial safety factors are not used (are set to unity). 
Instead, probability (or statistical) distributions are used to characterise the 
uncertainties in the basic design parameters [31]. Despite the great flexibility of 
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Level 5 assessment, their results are very sensitive to the statistical parameters and 
the methods of the structural analysis used [30]. At present, consistency in different 
assessments is not guaranteed. A WS Atkins report [10] suggested that the results 
from the Level 5 assessment form inputs to the decision-making process for 
choosing between alternative remedial/mitigation options for the bridges rather than 
strict pass/fail criteria. On the other hand, Das [5] insisted that it may be worthwhile 
using this more refined and fundamental level of assessment for important bridges, 
or for some special cases. 
System reliability-based assessment, which considers the reserve strength and the 
redundancy of a bridge is also included in this level [10]. In particular, it is 
suggested that the system reliability analysis method be used for a 'sub-standard' 
bridge of which the reliability index /3 obtained from the level 5 assessment at 
critical sections is smaller than the target value flT (see section 2.4.8) and is greater 
than the suggested minimum value flMin (That is, flT> fl > flMin ). The target 
values and the minimum values can be derived by analysing a number of real 
composite bridges based on the existing codes and standards such as BD 21. 
2.3.4 Conclusions 
The system reliability-based bridge assessment which will be developed in the 
present study, belongs to the level 5 assessment. In addition, it may be applied to a 
sub-standard bridge of which the reliability index /3 obtained from the level 5 
assessment at critical sections is smaller than the target value /31 and is greater than 
the suggested minimum value /3M,n . 
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2.4.1 General 
Chapter 2. Literature Ren'ew 
The fundamentals of reliability theories needed for the development of the system 
reliability-based bridge assessment are addressed. In particular, the Response Surface 
Methods (RSM), First Order Reliability Methods (FORM), Second Order Reliability 
Methods (SORM), and basics of system reliability are summarised briefly. 
2.4.2 Uncertainties 
Bridge assessment may be affected by uncertainties which arise mainly from the 
variation in loads and material properties, uncertainties in the analysis models, 
uncertainties in measurement and inspection techniques and uncertainties in 
deterioration over time [10]. 
These uncertainties can lead to the mIsuse of maintenance funding caused by 
unnecessary strengthening, missing of essential work or waste of preventative work. 
In order to avoid these undesirable results, these uncertainties should be identified 
and reduced as far as possible [33]. 
The types of uncertainties can be classified into four different types such as physical, 
modelling, human, gross errors [33]. Physical uncertainty represents the inherent 
random nature of a basic variable such as the long-term loading distribution on a 
bridge or various material strength parameters [9, 33]. Modelling uncertainty is 
attributable to the use of one (or more) simplified idealisation, used in assessing a 
particular effect [33]. Melchers [9] divides the human error into errors due to natural 
variation in task performance and gross errors resulting from ignorance or oversight 
of fundamental structural or service requirements. 
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Appropriate actions should be taken to reduce the impact of the uncertainty in 
accordance with the sources and types of uncertainty. Physical uncertainty cannot be 
totally eliminated, but greater availability of data can contribute to its reduction. 
Lack of knowledge could be a cause of modelling uncertainty [9]. Modelling 
uncertainty can be reduced with improved assessment models or guidelines [33]. 
2.4.3 Basic Theories of Reliability 
Bridge assessment may be affected by uncertainties as mentioned above. Reliability-
based bridge assessment aims at the rational treatment of these uncertainties. Due to 
the uncertainties, load effects and resistance are represented by random variables 
with a probabilistic distribution instead of a deterministic value as shown in Fig. 2.1. 
Since a bridge fails when the load effects are bigger than its resistance, the 
overlapped area indicates the failure region, and is related to the probability of 
failure. 
Figure 2.1 Concept of probability of failure 
The difference between resistance and load effect is defined as 'safety margin' G(x). 
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G(x) = R(x) - S(x) 
where, G(x» 0: safe 
G(x) < 0: failure 
G(x) = 0: limit state. 
Therefore, the limit state function (LSF) is often represented by 
G(x) = R(x) - S(x) = 0 
In addition, the failure probability of a system can be evaluated by [9] 
(2.1) 
(2.2) 
(2.3) 
where Ix (.) is the joint probability density function of the n basic random 
variables. 
Generally, the reliability of a structure is expressed in terms of "Reliability Index" p . 
Pf = <1>( -{3) 
P = _(f)-I (P,) 
(2.4) 
(2.5) 
where, (f)(.) is the cumulative distribution function of a standard normal 
variable. 
2.4.4 FORM and SORM 
FORMISORM is commonly used due to its simplicity [9] for the evaluation of the 
failure probability in equation (2.3) once the LSF G(x) is given explicitly. 
FORMISORM requires all of the random variables to be transformed to independent 
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normal random variables through transformation methods such as the Rosenblatt 
transformation. Normal random variables are transformed again to a standard 
normal space ("U -space") using the following equation. 
(2.6) 
Contour r£ fx(x) 
}lx, 
(8) X space (b) U space 
Figure 2.2 Transformation into standardised normal space (U space) 
In the V-space, all the variables are normally distributed with zero mean value and 
unit standard deviation. The LSF G(x) = 0 is also transformed and is given by 
g(y) = O. Fig. 2.2 shows an example of transformation for a bi-variate normal 
distribution. 
The next step is to find a point P (so-called "design point" or "checking point") on 
the LSF which is closest from the origin. The projection of the origin on the limit 
state surface corresponds to the point. However, since the design point is not known 
a priori, an iterative method is used to find the point. 
Once the design point is determined, in FORM the LSF g(y) = 0 is approximated 
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by a hyperplane g(y) = 0 which is tangent to the LSF at the point. In SORM, it is 
approximated by a quadratic surface at the design point. The distance from the 
origin to the design point is equal to f3. Evidently, the tangent hyperplane is 
perpendicular to the direction of f3 in FORM. In Fig. 2.3, therefore, the failure 
probability represented by shaded area can be evaluated as follows: 
(2.4) 
g(y)= 0 p 
Figure 2.3 Failure probability in standard normal distribution 
The design point indicates the point of 'maximum likelihood' for the failure or the 
point of the greatest failure probability [9]. 
In Fig. 2.2, the coordinates of the checking point can be obtained as follows: 
Yj· =-ajp (2.7) 
where, a j : directional cosines 
The sensitivity of a limit state function g(y) at the design point to changes in a 
random variable y is represented by the directional cosine a j • The sensitivity 
provides a guideline for the selection of random variables or data collection. For 
example, parameters with very low sensitivity can be treated as a deterministic 
rather than a random variable. On the other hand, more rigorous data collection 
needs to be carried out for parameters with high sensitivity [9]. 
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2.4.5 Response Surface Method 
Overview 
Basically, the failure probability of a system given by the equation (2.3) can also be 
evaluated using conventional numerical integration or the Monte Carlo simulation 
method. However, numerical integration is not applicable in cases where the LSF 
G(x) is only expressed in an implicit form. In addition, the Monte Carlo simulation 
method requires prohibitive computational efforts. In such cases, the response 
surface method (RSM) is known to be a powerful tool [34, 35]. Following the 
establishment of the theoretical basis of the RSM [36-38], further refinements have 
been proposed [34, 35, 39-43]. 
The basic idea of the RSM is to replace the implicit limit state function by an 
approximate explicit function. Polynomials are commonly used as response surface 
functions (RSFs). It would seem that the second-order polynomial is found to be 
adequate in most cases [44] except for cases in which the actual surface is highly 
nonlinear [45]. For example, the following is proposed by Wong [46] as an RSF. 
r r r 
G(x) = a + "b.x + "" c .. xx· ~ I I ~~ IJ I J 
;=1 i#j 
(2.8) 
The unknown coefficients of an RSF (2.8) can be determined by fitting at a number 
of sampling points which are possible combinations of the random variables x, 
[34]. The least-squares method is usually used to fit the RSF [47]. 
The accuracy of the result is dependent on how accurately the RSF represents the 
original LSF [34]. A polynomial function given in equation (2.8) may reasonably 
approximate the true function only for a very relatively small region [44]. Therefore, 
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the location of the sampling points and the basic function shape for fitting are major 
factors that affect the accuracy of the result [34]. 
In order to improve the RSM, several methods have been proposed by different 
researchers [48]. Wong [46] used the sampling points only around the mean points 
(f.1x ± a;O"x)' Bucher and Bourgund [36] suggested an iterative method of selecting 
sampling points. Initially, the design point x D is obtained from the response 
surface fitted using the sampling points around the mean point. The new centre point 
XM is obtained on a straight line from the mean point J1 x to design point x D 
such that G(x) = 0 at the new centre point. 
(2.9) 
Bucher and Bourgund [34, 48] also proposed the use of a second order polynomial 
without mixed terms for an approximate RSF. 
(2.10) 
Recently, a vector projection method was proposed by Kim and Na [34]. The 
sampling points obtained from this method are located in the vicinity close to the 
actual limit state surface [48]. This method utilises linear RSFs, because the 
inclusion of square terms may cause estimation errors due to the incorrect nonlinear 
shape resulting from the limited information on the original limit state [34]. Das et 
al [49] proposed the cumulative use of sampling points in combination with the 
vector projection method with modifications. In this method, square terms are added 
to the linear response surface to improve the response surface function, and the 
design point is found using SORM. In addition, the sampling points close to the 
2-16 
University of Surrey Chapter 2. Literature Review 
current centre point for sampling are used repeatedly for the effective use of 
sampling points except those in the very initial stage [49]. Gayton et al [43] 
proposed a RSM named CQ2RS (Complete Quadratic Response Surface with Re-
Sampling). 
Experimental Design 
As mentioned above, many methods have been proposed to improve the selection of 
the sampling points. However, no precise guidelines or theory is available for the 
selection of experimental design points [48]. Here, the conventional central 
composite design (CCD) and the vector projection sampling method (VPSM) are 
reviewed in more detail. 
Figure 2.4 Central composite design for two random variables [48] 
The CCD is a conventional method to be frequently used in the RSM. The CCD 
shown in Fig. 2.4 is composed of 2n factorial points (0), 2n axial points (*) 
placed along the axis and 1 centre points (e) [50]. The centre points are often 
replicated to estimate the experimental error in general experiments [44]. Therefore, the 
total number of sampling points without replicate of centre point is given as follows: 
2-17 
University of Surrey Chapter 2. Literature Re\'ieH 
(2.11) 
where, nc is the number of replicated centres. 
It is suggested by Box and Hunter [51] that a quadratic respon e urface 
experimental design should be "rotatable". This means that the variance of the 
obtained response is the same at all points which are the same distance from the 
design centre point [44]. As it is impossible to know the location of optimum points 
prior to the experiment, it may be reasonable to use a design with the equal precision 
of estimation in all directions. 
The distance a of axial points from the centre point in Fig. 2.4 can be elected to 
make the CCD rotatable. A rotatable CCD can be obtained from the following. 
(2.12) 
where, n f : number of factorial points (2") 
The values of a according to the number of variables are given in Table 2.2. 
Table 2.2 Values of a 
Number of RVs 2 3 4 
Value of a 1.68179 2 
The CCD is said to be efficient for fitting the second-order response surface [44]. In 
order to improve the efficiency, however, the first-order urface may be u ed 
initially requiring 2n factorial point until the region of the de ign point ha been 
found. 
Th obj eti to impro e the election of the ampling point 
ri n lion of to fitted. The ampling point in thi m thod 
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are positioned closely to the original limit state by projecting the conventional 
sampling points on the RSF obtained in the preceding iteration in order to improve 
the response surface method [34]. Fig. 2.5 illustrates the basic concept of this 
method compared to the conventional sampling method. 
(a) Sampling points selected from the means 
(b) Sampling points selected from design points 
o Sampling points 
Response surface 
Limit state 
(c) Sampling points selected by vector projections 
Figure 2.5 Sampling Points [34] 
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A set of sampling points shown in Fig. 2.5 (c) are given by [34] 
(2.13) 
iT [ ] {e k = 1.0 for k = i where, e = e} ... en 
ek = 0.9 for k:#; i 
Projected unit vector for ith random variable (j = I-n) 
where, 
h i i V IT (V Ii) =u - g . g·u 
iT [ ] {e k = 1 for k = i u = e} ... e 
n e k = 0 otherwise 
The sampling points are perturbed slightly from the failure surface due to the vector 
Iteration Algorithm 
In order to find the LSF G(x) , the sampling points are selected initially around the 
mean values of random variables (J.lx ±a;O'x) [9], which yields an approximating 
response surface for the mean point. However, since the mean point is generally 
remote from the design point [44], fitting of the surface needs to be made in the 
neighborhood of the design point as far as possible [48]. For that purpose, an 
iterative method is usually used as follows: 
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A. Initial Step 
1. Evaluate initial sampling points around mean points f.1x (f.1, ± a,(},) of each 
parameter (Initial Experimental Design). 
2. Run FEM models at sampling points. 
3. Fit the initial LSF G(x)o using the least-squares method. 
4. Evaluate the failure probability Po and find the design point x D . 
(FORMISORMI Advanced Monte Carlo simulation) 
B. Iterative Step [9, 34, 48] 
1. Find a new set of sampling points 
- CCD: find a new centre point xM using the equation (2. 9) 
- VPSM: use the equation (2.13) 
2. Repeat the above step using the new centre point until a convergence 
criterion, i.e. Ipi - Pi-II < cp is satisfied. The algorithm tolerance cp is set to 
0.01 in another study [50]. 
It is possible to repeat the traditional sampling method more until the failure point 
converges close to the real design point on the original failure surface in the case of 
VPSM, when the process of selecting sampling points using the equation (2.13) is 
considered to be tedious [34]. 
Resistance RSF 
For complex structures such as bridges, incorporation of all of the random variables 
related to loading such as position of loading, number of loads and weight of loading 
in an RSF seems to be very difficult and complex. In such cases, a resistance RSF is 
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often used [52, 53]. That is, the resistance RSF R(x) of the system for a specific 
loading is evaluated initially and is combined with the load effects X L afterwards. 
Then, the RSF for the limit state function is obtained as follows; 
G(x) = R(x) - XL (2.14) 
where, R(x): Resistance RSF for a specific loading case 
XL: Load effect for a specific loading case 
Once the LSF for a specific loading case is obtained explicitly, a conditional failure 
probability of the system can be calculated. Furthermore, summation of the 
conditional failure probability would provide total failure probability of a system as 
follows: 
(2.15) 
where, n: Number of different loading conditions 
L: Loading conditions 
PL : The probability of occurrence of a specific loading condition 
PIlL: Failure probability in the specific loading condition 
2.4.6 System Reliability 
+---1 Rl H R2 H R3 ~ 
<a> Series System (b) Parallel System 
Figure 2.6 Representation of system 
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All physical systems with multiple components are classified as series systems or 
parallel systems or combinations thereof as shown in Fig. 2.6. 
In the series system, the failure of any component causes the failure of an entire 
system. If the strengths of all the components are independent, the probability of 
failure of the system can be obtained as follows: 
n 
PI = 1- IT (1- P; ) 
1 
(2.16) 
where, P; is the failure probability of a component i. 
For the perfectly correlated strengths, the failure probability is given as 
(2.17) 
In parallel systems, however, failure of one or more components does not 
necessarily result in failure of the entire system. This is because the remaining 
components may be able to resist the redistributed loads. For independent strengths, 
the failure probability is 
(2.18) 
The failure probability for the perfectly correlated strengths is obtained as follows: 
(2.19) 
It needs to be noted here that the behaviour of multiple-girder bridges can be 
modelled as a parallel system [24]. 
The parallel system is often called a redundant system. In addition, the concept of 
redundancy of bridges provides a theoretical basis for system reliability-based 
assessments. It appears that there is no unique definition of redundancy. However, 
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the redundancy is generally defined in terms of the ultimate strength for a system 
and the ultimate load at first member failure [24, 54]. 
R d d Ultimate Strength e un ancy = ------------
Capacity at first member failure (2.20) 
However, Ghosn [19] assumes the linear elastic behavior of the bridge members in 
calculating the capacity at first member failure in order to be consistent with the 
current member oriented design and analyses procedures. 
The term redundancy factor is also used [55]. 
(2.21 ) 
where, /3 L : reliability index of an intact structure 
/3 D : reliability index of a damaged structure 
(with a fractured member) 
From the equation (2.21), RF = 00 (/3 D = /3 L) indicates that the system reliability is 
not affected by the fracture of a member. On the other hand, RF = 1 (/3 D = 0) 
means that the damaged reliability becomes zero. 
2.4.7 Failure Criteria of Bridge System 
Basically, the term "failure" means a violation of limit states. The limit states are, in 
general, divided into ultimate limit state (ULS) and serviceability limit state (SLS) 
[56]. The total probability of failure of a system can be estimated by combining the 
failure probability of a system for ultimate and serviceability limit states [57]. 
Failure of a system = violation of (ultimate + serviceability) limit state 
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The ultimate limit state is classified as global failure and local failure [58]. Global 
failure indicates the collapse of an entire structure, whereas local failure refers to a 
failure that occurs at a single point, sections, members or structural parts without 
causing a collapse of a whole structure [59, 60]. 
In regular assessment (except for special assessment after severe deterioration), in 
general, only ULS is considered, because satisfactory prior performance is 
considered to have satisfied the serviceability limit [61]. BD 21 also prescribes that 
the application of SLS is strictly limited to the structures constructed after 1965 on 
the condition that the agreement of the Technical Approval Authority is given [56]. 
Generally, the SLS is defined as excessive vibration or deflection [57]. Ghosn [19] 
proposed that a deflection level of L/300(m) (L:span) be used as the 
serviceability limit based on the fact that many bridge field tests were stopped due to 
the potential danger at the deflection. 
Failure of a system may be composed of multiple failure modes, in which the 
occurrence of anyone of the failure modes will cause failure of the system [62]. 
Failure modes of a typical bridge girder are given as follows [63]: 
1. Bending moment capacity 
2. Shear capacity 
3. Buckling capacity 
4. Deflection 
5. Vibrations 
6. Accumulated damage conditions, including corrosion 
Obviously, various failure criteria have been proposed for bridge assessment. For 
example. Frangopol [28] also suggested that a girder bridge is composed of several 
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different series-parallel system models where the failure of the superstructure would 
be caused by the failure of three adjacent girders. This definition seems to be related 
to the repair strategies rather than the structural failure of the whole system. In 
addition, a limiting structural stiffness evaluated from a point also can be used for a 
failure criterion [9]. Also, Lam [64] used a different a new "definition of failure", 
namely a lack of convergence of solution due to the loss of continuity in the finite 
element mesh caused by cracking in the concrete. 
However, the formation of a plastic hinge mechanism is generally used as a failure 
criterion of composite bridges [25, 65]. It needs to be noted that local failure such as 
punching shear is ignored, because it does not affect the safety of the entire system 
[25]. 
2.4.8 Minimum Acceptance Criteria 
Minimum acceptable criteria are also described as 'target probability of failure' or 
'target reliability index' [33]. These criteria are very important since they are used to 
decide whether the result of assessment is acceptable or not, i.e., whether any 
maintenance work is necessary. The onerous criteria might result in wastage of 
limited maintenance resources as a consequence of unduly preventative work. On 
the other hand, if they are too lenient, essential work might possibly be missed. As a 
result, dangerous situations could occur. 
The target reliability index can be determined based on the factors such as the 
consequences of failure, reserve strength and redundancy, warning of failure, 
inspection and monitoring measures, marginal cost of increasing the reliability and 
acceptability of risk by the society [10]. 
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The following are three approaches for establishing target reliability value [66]: 
1. Socially acceptable risk levels derived from historical data 
2. Calibration to existing codes and standards 
3. Economic optimisation 
The limitation of the first approach is that it cannot easily be related to the "formal 
failure probabilities" computed from a reliability analysis. In addition, a bridge 
failures due to overloading have not occurred in the UK, direct calibration again t 
bridge failure statistics is difficult. The difficulties of the economic optimi ation 
approach are in the accurate evaluation of all direct and indirect con equence of 
failure [10]. Therefore, the second approach is proposed as a practicable way to 
select appropriate values for the target reliability of structures [10, 13]. A WS Atkins 
report suggests the minimum reliability indices for different bridge types including 
composite bridges based on the code implicit reliability indices. For several types of 
bridges, reliability levels implicit in current bridge assessment standards are 
determined by analysing bridges which were designed in accordance with standard 
requirements. In addition, the minimum reliability P Min is suggested based on the 
results. For a composite bridge, it is proposed as 4.0. 
Frangopol et al [67] proposed five bridge reliability states as shown in Table 2.3. 
The minimum acceptable lifetime reliability index was also proposed a 4.6. 
Table 2.3 Reliability State [67] 
>9.0 9.0-8.0 8.0-6.0 6.0-4.6 <4.6 
11 ot Very good Good Fair oacceptabl 
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Also, it needs to be noted that the use of different target reliability values were 
proposed based on the redundancy and the relative member criticality for offshore 
structures [68]. 
2.4.9 Conclusions 
For complex structures such as bridges, a resistance RSF is often used. That is, the 
resistance RSF R(x) of the system for a specific loading is evaluated initially and 
is combined with the load effects X L afterwards. 
'Redundancy' is generally defined in terms of the ultimate strength for a system and 
the ultimate load at first member failure. 
In addition, various failure criteria for bridge assessment were reviewed. However, 
the formation of a plastic hinge mechanism is generally used as a failure criterion of 
composite bridges. 
Frangopol et al proposed five bridge reliability states. The minimum acceptable 
reliability index was also proposed as 4.6, whereas a code implicit minimum 
reliability in the UK was suggested as 4.0. 
2-28 
University of Surrey Chapter 2. Literature Re\.·ie~l· 
2.5 Damage 
2.5.1 Damage on Composite Bridges 
Most research works related to the reliability of composite bridges cast light only on 
the structural behavior of steel girders. This is probably because the structural 
reliability of a composite bridge is not affected by the deck slab capacity 
significantly [13, 20, 24]. The capacity of steel girders dominates the structural 
behaviour of the composite bridges. 
Whereas the literature review about the damage on the steel girders provides 
seemingly useful results, searching for literature about the damage on reinforced 
concrete slab deck proved much less fruitful. The only available information is about 
the damage related to reinforced concrete (RC) bridges. The damage patterns of the 
slab deck of composite bridges can probably be considered to be similar to those of 
RC slab bridges, although their effects on the ultimate strength of a bridge may be 
significantly different. The damage patterns obtained from the RC slab bridges are 
summarised in section 2.5.3. 
2.5.2 Damage on Steel Girders 
Typical damage types that are expected to occur in steel girders are as follows; [15, 
69, 70] 
1. Collision with vessels, vehicles and barges passing below the bridge 
2. Cracking due to fatigue 
3. Damage from fire 
4. Corrosion 
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Collision by out of control vessels or vehicles passing underneath the bridge without 
appropriate headroom is one of the most common types of structural damage [15, 70, 
71]. This kind of accident has caused entire bridges to collapse completely [70]. 
Cracking due to fatigue is also a major damage in steel bridges. Over the past 
couple of decades, several steel bridges have experienced fatigue cracking. 
Furthermore, some of them have collapsed suddenly without any prior warning, 
especially in cases where the fatigue cracking has occurred on the non-redundant 
members (so called FCM: Fracture Critical Bridge Member). The Silver Bridge 
(1967), the Mianus River Bridge (1983) in the USA [69] and the Sungsoo Grand 
Bridge in Korea (1994) [72] are examples where the entire bridge has completely 
collapsed due to fatigue cracking. Also, some research works have been carried out 
in order to investigate the reliability of a bridge in cases where one member in a 
composite bridge has collapsed due to the collision or fatigue [15, 16,73]. 
Fire damage from burning vehicles is another type of damage from accidents [74]. 
Fire damage may cause the significant loss of steel strength [75]. 
Corrosion is one of the most important damage mechanisms for steel bridges. The 
main causes of corrosion are leakage and chloride attack. Local corrosion occurs 
mainly when water is accumulated on the steel with chloride due to leakage through 
cracks/construction joints at the slab deck or through expansion joints. In bridges 
susceptible to sea wind or moisture, global corrosion is more likely to occur all over 
the steel girder. The corrosion generally results in the loss of load-carrying capacity 
of the bridge [76]. Section loss and reduction in fatigue life are the main effects of 
corrosion on the structural member [77]. 
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It is generally realised that there are two patterns of corrosion in teel girder . Fig. 
2.7 shows the two patterns of corrosion [27, 77, 78]. Pattern 'A' of COITO ion 
generally occurs at the mid-span along much of the length of a steel girder bridge. 
The section of the top surface of bottom flange and the lower one quarter of the web 
is affected by this pattern of corrosion. Pattern 'B' shows the typical type of 
corrosion near the support for a simple span bridge. Section loss due to corro ion 
occurs over the entire web surface and on the top surface of the bottom flange [79]. 
Center At Supports 
Pattern A Pattern B 
Figure 2.7 Corrosion Patterns in Steel Girder 
Considerable efforts have been devoted to the investigation into the effects of each 
type of corrosion on the behavior of steel girder bridges [78, 80, 81]. The following 
is a brief summary of Hearn's [78] work for material, member and system . 
The loss of steel material occurs due to corrosion. Generally, the material 
propertie uch a Young' modulu, yield tre and ultimate trength are not 
affected by corro ion [82]. 
Chakr orty [83] addre d remaining trength of a teel bridge member ubj ct to 
f orro ion. a gradual and linear 10 in fl ural 
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strength is observed for Pattern 'It( corrosion. The flexural strength under Pattern 'B' 
corrosion diminishes at a more rapid rate. In addition, the Pattern 'B' corrosion has a 
significant influence on the shear capacity of a steel girder. As corrosion advances, 
the loss in shear strength occurs much more rapidly than that of the flexural strength 
under either pattern. Furthermore, severe reduction of the thickness of the web due 
to the corrosion causes shear buckling to occur, and shear capacity beyond this point 
diminishes rapidly. 
For a simple composite bridge system, initial reliability/load rating of the system 
may be determined by flexural strength, and the controlling section is often at mid-
span at which maximum bending moment occurs. However, shear strength of the 
beam at the abutment dominates the system reliability as corrosion progresses. That 
is, a change in failure mode takes place from the flexural failure to shear failure with 
increasing corrosion. In addition, the controlling section also moves from the mid-
span to the abutment. Fig. 2.8 shows the load rating/reliability of a corroded steel 
girder according to the position along the girder. 
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Figure 2.8 System Load Rating for Corroding Steel Bridge Girder [78] 
Kayser [81] also shows similar results. In addition to bending and shear capacity, the 
bearing capacity at supports is also investigated. The bearing capacity is reduced 
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significantly due to the corrosion in a similar way to the hear capacity. Steel girder 
without stiffeners would fail due to buckling of the web at the abutment. But, the 
bearing stiffeners improve the bearing capacity considerably. 
Sarveswaran [57] also found that the bearing failure mode is not at all critical for 
stiffened beams. A varying thickness loss model due to corrosion has been 
developed by Sarveswaran. The model can be used for the reliability assessment of 
corroded steel beams by assessing the thickness loss visually. Beams recovered from 
the site of a chemical plant undergoing demolition were used in the development of 
the thickness loss parameter. According to Nowak et al [84], however, basic data 
gathered from building structures can be used for bridges in most cases . 
... __ ...J1 -.--I 
Loss of Material 
Top flange 
Upper web (0.75 h,,) O.2S~N 
Lower web (0.25 h".) 1.2S:rN 
Loss of Material \ 
0.25 ~ 
Bottom flange 1.30:rN 
where ~= %LFT/IOO 
I J 
Figure 2.9 Varying thickness loss corrosion model [57] 
The varying thickness loss model developed by Sarveswaran is given in Fig. 2.9. It 
how that the corro ion on the bottom flange and lower quarter of the web i more 
evere than the top flange and the upper three-quarter of the web. It can be aid that 
thi model i ery imilar to the pattern A of corro ion mentioned abo e. 
Th tbi kn of corrod dim nt can be e aluated follow ' 
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Tc = TN (1- c;) 
where, TN: as-new thickness of the element 
c: a constant 
0.70 for top flange 
1.30 for bottom flange 
0.25 for upper part of web 
1.25 for lower part of web 
; = % LFT / 1 00 : thickness loss parameter 
% LFT : the average percentage loss of flange thickness 
(2.22) 
Since the COY of the dimensions tends to be very small compared to that of loading 
and strength parameters, a random variable TN can be considered as a constant. 
However, the thickness loss parameter ; is a random variable. It is also assumed 
that the thickness loss parameter is normally distributed. As a result, the thickness of 
a corroded element Tc becomes also normally distributed [57]. The mean and 
standard deviation of Tc can be evaluated as follows: 
Ilrc = TN (l - ell; ) (2.23) 
(2.24 ) 
where, 11;: average value of thickness loss parameter 
(J,: standard deviation of the thickness loss parameter 
It is also assumed that the COY of the thickness loss parameter is 0.15, which 
indicates that its uncertainty (standard deviation) increases with the degree of 
corrosion [57]. The COY is given as 0.20 by Hearn et al [85] in other research. 
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2.5.3 Damage on RC Slab 
As mentioned above, no useful information about the damage on the slab in a 
composite bridge was obtained from literature review. Therefore, damage patterns in 
a reinforced concrete (RC) slab bridges are summarised instead. 
It was found that the major factor that affects the deterioration of bridge deck 
significantly is not mechanical loads but environmental factors [86]. Such factors in 
RC structures are chloride attack, alkali-silica reaction, sulphate attack, carbonation, 
fatigue, overloading, freezing and thawing, and fire. Typical damage types are 
cracking, concrete spalling and corrosion of reinforcements [82, 87]. 
The corrosion of reinforcements leads to the section loss of steel and/or loss of bond 
[82]. The main causes of corrosion of steel reinforcements are permeation of 
chloride and carbonation. In addition, the reduction of slab thickness occurs due to 
the concrete spalling caused by the corrosion of embedded steel reinforcements. The 
reduction of slab thickness causes the punching shear capacity to be reduced 
significantly [87]. Alkali-aggregate reaction causes cracking and, occasionally, 
considerable weakening of the concrete [74]. 
Fire causes rapid expansion of concrete spalling as well as the reduction in tensile 
strength of reinforcing steel [75]. 
In summary, the changes in structural parameters due to the damage on the RC slab 
are as follows: 
I.Cracking 
2. Loss of slab thickness 
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3. Loss of sectional area of steel reinforcements 
4. Loss of strength of concrete 
5. Loss of strength of steel reinforcements 
2.5.4 Damage Tolerance 
If a system is able to sustain some damage without failure, then it is said that the 
system is damage tolerant [88]. Damage tolerance is required for any system. Any 
system should be able to sustain damage to some degree without failure. On the 
other hand, vulnerability is defined as a reciprocal of the damage tolerance. They are 
complementary concepts. That is, if a system is damage tolerant, it is not vulnerable 
and vice versa. Damage tolerance is defined as follows [15, 88]: 
1 
Damage Tolerance = -----
Vulnerability 
failure probability of the undamaged system 
failure probability of the damaged system 
(2.25) 
The degree of damage of a component is represented using a damage index [85]. For 
example, the damage index of a flange of a steel girder can be evaluated using the 
following equation. 
( - ( DI=_o-
(" 
where, t : the original thickness of the flange 
o 
( : the thickness of the damaged flange 
(2.26) 
University of Surrey Chapter 2. Literature Re\'iew 
2.6 Traffic Loading 
2.6.1 Overview 
The safety margin of a bridge G(x) can be expressed as follows [9]: 
G(x) = R(x) - Sex) 
where, R(x): Resistance of a system, S(x): Load effects 
(2.1) 
The resistance of a system R(x) seems to be dependent on the number of vehicles, 
the position of vehicles on the bridge and the configuration of vehicles such as axle 
spacing and axle weight distribution [89]. Generally, the load effects Sex) are 
calculated from an applied loading Q through a structural analysis [9]. 
The reliability of a bridge is generally defined with regard to a specified time 
interval, e.g. "annual reliability index" or "lifetime reliability index" [10]. This 
indicates that the resistance of a bridge should be checked against corresponding 
load effects. Nowak et al [23] proposed that existing bridges should be assessed for 
a 5 to 10 year period, whereas new bridges are designed against 50 to 75 year load 
effects. On the other hand, Moses et al [17] uses two-year period load and 50-year 
period load for the serviceability limit state and the ultimate limit state, respectively. 
The annual reliability index is used in a WS Atkins report [10]. Nowak also 
developed live load models, from which the load effects of interest can be evaluated. 
2.6.2 Types of Traffic Loading 
Traffic is divided into 'normal' and 'abnormal' traffic in the UK. · Abnormal' traffic 
indicates Special Types of General Order (STGO) vehicles of which dimensions or 
weights are not compliant with C&U (Construction and Use) regulations. It was 
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found that mobile cranes are the most frequent abnormal vehicle. There are three 
different categories of STGOs. The weights of STGO category I, 2 and category 3 
are 50, 80 and 150 tonnes, respectively [11]. 
The loading types used for the design or the assessment of bridges in the UK can be 
classified as follows [56,90]: 
1. Design Loading (for new bridge) 
Type HB loading 
Type HA loading 
2. Assessment Live Loading (ALL) (for existing bridge) 
Factored Type HA loading 
Vehicular loading 
Probabilistic Load Model: Basic Static Live Load (BSLL) 
Design Loading 
Type HB loading is an abnormal vehicle unit loading. Fig. 2.10 shows the dimension 
of one unit of HB loading. The number of type HB loading used for the design of 
highway bridges in the UK shall be normally from 30 (Gross weight: 1200kN) to 45 
(Gross weight: 1800kN) [90]. The HB type design loading is very conservative 
compared to the design loads in other countries [80]. 
Current bridge assessment rules in the UK do not cater for abnormal traffic [12]. 
Therefore, the type HB loading is not used for the assessment of bridges [56]. The 
type of live loading for assessment is limited to type HA loading. 
The type HA loading is a formula loading which represents normal traffic in the UK 
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[90]. In designing a structure and its elements, the more severe effects of either "HA 
loading" or "HA loading combined with design HB loading" shall be resisted [56]. 
For the type HA loading, "a combination of a uniformly distributed load (UDL) and 
a knife edge load (KEL)" or "a single wheel load" is used. HA UDL shall be applied 
to the appropriate loaded length and HA KEL shall be applied to each notional lane 
on the appropriate parts of the influence line to cause the most severe effects. The 
HA single wheel load is supplied to members which support small parts of roadway 
to which only small portion of UDL and KEL is allocated [56]. The UDL in the type 
HA loading can be derived from a loading curve 
W = 336(11 L)O.67 (kN/m) 
where, W: UDL in kN per metre length of lane of width 3.65m 
L: Loaded length 
In addition, the KEL is given as 120kN uniformly distributed across the lane width 
[56]. 
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Figure 2.10 Dimensions of HB vehicle [56] 
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Assessment Loading 
Bridge evaluation using a design load model is often considerably conservative, 
which results in an overestimation of failure probability [91]. Therefore, BD 21 
specifies that bridges be assessed using the assessment loading [56]. For this 
purpose, the factored type HA loading is used. The Load Reduction Factors K 
( K < 1) is defined as follows: 
K Assessment Live Loading 
Type HA Loading 
Assessment Live Loading Effects 
=----------------=-----
Type HA Loading Effects 
(2.27) 
Load Reduction Factors are given in BD 21, corresponding to six categories of 
bridge situations in terms of road surface conditions (good or poor) and daily traffic 
flow (high, medium or low). 
However, the type HA loading is not suitable for analysing transverse effects 
according to BD 21 [92]. It is appropriate only for the longitudinal load effects. 
Therefore, structures such as slabs that span transversely can be assessed directly by 
considering individual vehicles [56]. Various types of vehicular loading are given 
in BD 21. Some examples are listed in Table 2.4. 
The transverse spacing between wheel loads of the vehicular loading shall be 1.8m. 
The lateral spacing between wheel centres of adjacent vehicles should be at least 
O.7m. The minimum longitudinal distance between vehicles shall be 1 m in cases 
where convoys of vehicles are considered. [56] 
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Table 2.4 Axle weights and spacing of the vehicle loading for the 40t ALL [56] 
Gross o .. of AxJe Weight and Spacing 
Weight Axles 01 WI AI W2 A1 W3 A3 W4 A4 W5 AS \\'6 0_ 
(toanes) (m) ([onnes) (m) (toanes) (m) (tonnes) (m) (toanes) (m) (tonnes) (m) (tonne-) (m) 
40' 5 1.0 6.00 3.00 11 .50 4.20 7.50 1.35 7.50 1.35 7.50 1.0 
402 5 1.0 6.00 2.80 11 .50 1.30 6.50 5.28 8.00 1.02 8.00 1.0 
401 5 1.0 5.00 2.80 10.50 1.30 4.50 4.80 10.00 1.80 10.00 1.0 
2+3 articulate 
2 3+2 articulate, W2 and W3 can be reversed for worst effect 
3 3+2 articulate, with 10.5 tonne drive axle, W2 and W3 can be reversed for worst effect 
ell r l eOG 01 1 A1 . A2 A3 A4 1 A5 02 
I 
wi •.• I 1 ..v v W 1 W2 W3 W 4 W 5 W6 G'Y'Y 
Figure 2.11 Configuration of Vehicular Loading 
The configuration of the vehicular live loadings is similar to the standard HS-20 
truck load in the USA. HS-20 truck load is composed of a tractor truck with semi-
trailer as can be seen in Fig. 2.12. The gross weight of the standard HS-20 truck is 
32.7 tonnes. However, the number and the spacing of axles differ somewhat. 
! ,210. 1 v ... ,,, i 
3.63 tonnes 14.52 tonnes t 4.52 nes 
Figure 2.12 HS-20Truck load (USA: AASHTO) 
2 
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Nowak [22] found that short span (30-40m) bridges are governed by a single truck 
and that two lane loads are governed by two side-by-side, perfectly correlated trucks. 
The basic static load model (BSLL) is composed of a uniformly distributed loading 
(UDL) of 27kN/m and two axle loads, each of 300kN. This load model was 
developed based on traffic data collected by TRL over a two week period from the 
M6 motorway near Warrington in 1990. This traffic load model is able to be used 
directly in reliability-based assessment, e.g. in Level 5 assessment as shown below [12]. 
2.6.3 Load Effects 
Level 5 assessment in the UK adopts the annual reliability index. In addition, the 
annual maximum traffic load effect can be evaluated based on the BSLL as follows; 
[10] 
XL =BSLLxULxDAF (2.28) 
where, BSLL: Basic Static Live Load effect (deterministic) 
U L: Modelling uncertainty (Extreme Type I) 
DAF: Dynamic Amplification Factor 
fr(Y) = aexp[-a(y-u)-e-a(y-U)] 
w=(y-u)/a 
Figure 2.13 Extreme Type I distribution 
2-42 
University of Surrey Chapter 2. Literature Review 
The BSLL at critical sections can be obtained by applying the basic static load 
model on the relevant influence surface. Statistical data for ULand DAF are also 
given. The distribution of the modelling uncertainty is given as the Extreme Type I. 
Fig. 2.13 illustrates the shape of the Extreme Type I distribution. The Dynamic 
Amplification Factor is assumed to be normally distributed [12]. 
Using traffic data (about 10,000 heavy vehicles) collected by Ontario Ministry of 
Transportation, Nowak [22] developed traffic load models for design and evaluation 
of bridges, from which the load effects of interest (e.g. 75-year load) can be 
evaluated. The process of the evaluation of load effects in terms of moment is as 
follows: 
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Figure 2.14 Dlustration of CDFs for Moments due to Surveyed Trucks 
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1. Calculate the bending moment for each truck from surveyed truck data. 
2. Plot the reSUlting cumulative distribution functions (CDFs) on normal 
probability papers. (see Fig. 2.14) 
- Vertical scale: z =~-I[F(M)] 
where, M: moment 
F(M): CDF of the moment 
~-I : inverse standard normal distribution function 
- Horizontal scale: HS-20 live-load moment 
3. Point 'N indicates the mean values of the moment due to the surveyed 
data. Maximum moment can be obtained from point 'B'. The slope of 
the curve indicates the coefficient of variation [93]. 
4. Evaluate the maximum moment of interest by extrapolation. For 
example, the number of trucks in 75 years will be about 1,500 times the 
number of trucks ( 10,000) surveyed over two weeks. That is, 
N=15,000,000 trucks. The probability is IIN=7xI0-8 which yields 
z=5.26 on the vertical scale. Then, the horizontal scale gives the moment 
of interest. 
2.6.4 Available Traffic Data 
In order to evaluate the reliability of a system using equation (2.3), appropriate truck 
loading Q during the period under consideration from which the resistance of a 
system R(x) and load effects S(x) can be obtained should be given. In principle, 
it can be obtained in the form of a random variable from traffic data collected at 
actual bridges. However, only little information is available on the truck load 
statistics related to bridges [89]. The traffic survey was carried out on M5 and M6 in 
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the UK in 1996, but, it failed to obtain the traffic data when the mot [way w 
congested due to the unreliable equipment at low peed. A a re ult, n u. ful 
congested data were obtained [94]. 
The examples of traffic load models for load effects Sex) are ummarized in Table 
2.5. With regard to the traffic load model, Ghosn et al [52] a ume that the In an 
value of the weight equals to 2.07 x HS-20 truck. On the other hand, recent traffic 
survey [95] in Hong Kong shows that the maximum gro weight within the bridg 
design life is about 60t. The COY of the traffic load i a umed to be 0.19 by Gh n 
et al [52]. Nowak et al [22] showed that the COY i about 0.20-0.35. The probability 
distribution of the traffic load model is taken as the extreme type I . 
Table 2.5 Examples of traffic load models for load effect 
Mean 
67.689 t (2.07xHS-20 truck) Gho n 
60t Hong Kong 
Weight 0.19 Ghosn 
COV 
0.20-0.35 Nowak 
Distribution Extreme type I (Gumbel) Ghosn 
1.15 (one-lane loading) Nowak 
1.10 (two-lane loading) Gho n 
Mean 
1.12 (good surface) 
WS Atkin report 
1.17 (poor surface) 
DAF 
0.08 owak 
COV 0.141 (one-lane loading) 
WS Atkin report 
0.095 (two-lane loading) 
Di tribUtiOD Normal WS Atkin Report 
r DC prob bility 0.98 Hong K ng 
0.07-0.08 o ak 
. 
- i 0.015-0.02 - '" .. "' .... ~ Gho n 
0.10 
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The dynamic amplification factor (OAF) was given as 1.15 by Ghosn et al [52]. The 
mean values of OAF suggested by Nowak et al [23] are 1.10 for two-lane loading 
and 1.15 for one-lane loading, respectively. WS Atkins report for reliability-based 
bridge assessment in the UK [10] provides different values of OAF according to 
span length, road surface condition and loaded lane numbers. For the bridge model 
with 30m of span length, the mean values are 1.12 for good surface and 1.17 for 
medium/poor surface, respectively, regardless of the loaded lane numbers. However, 
different values are given to the COV of the OAF according to the loaded lane 
numbers in a similar way to Nowak's study. 
The occurrence probability of the maximum live load on a bridge is given as 0.98 
[95]. In addition, Nowak [96] assumes that side-by-side events of truck loading 
amount to about 7% to 8% of the total events. However, it was observed by Ghosn 
and Moses [97] that about 1.5% to 2% of the total events are the side-by-side events 
for an average interstate highway. Further, Ghosn et al [89] used 10% in another 
study. In addition, Nowak et al [22] assumed that only 85% of the maximum load is 
applied for the two-lane loads. 
2.6.5 Conclusions 
Various types of traffic loading were reviewed. Especially, BD 21 stipulates 
structures such as slabs that span transversely be assessed directly by considering 
individual vehicles. On the other hand, some currently available traffic load models 
related to the load effects were reviewed in detail. These data will be used as a basis 
for the determination of an assumed load effects for the reliability analyses in the 
present study. 
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2.7 Constitutive Models of Concrete 
2.7.1 Overview 
The crack/constitutive models of concrete have a significant impact on the 
simulation results of concrete structures. In particular, snap-through and snap-back 
in the load-displacement response caused by cracking is a source of convergence 
problems [98]. In order to model the behavior of concrete properly, a variety of 
constitutive models have been proposed and used [99]. Among them, the 
constitutive models currently available in ABAQUS and DIANA are addressed in 
detail. ABAQUS is a general commercial FE analysis programme available in the 
University of Surrey whereas DIANA is a commercial FE analysis programme 
which has been considered to be appropriate for concrete structures. Special 
attention is paid to the tensile crack models. 
2.7.2 Concrete Crack Models 
In general, crack models of concrete can be categorised as follows [100]: 
Discrete crack model 
Smeared crack model 
Isotropic damage model 
Either special disconnections between nodes [101] or predefined interface elements 
[102] are required in the discrete crack model [100]. In addition, it requires 
remeshing techniques in cases where the location of cracks is not known in advance 
[ 103]. 
The smeared crack model is the most popular model, because it is widely available 
in commercial finite element programmes [100]. The smeared crack model does not 
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track individual "macro" cracks [104], It i assumed in till model that the fra ture 
occurs over a so-called band-width h, uch that the opening of an equivalent di crete 
crack can be obtained by integrating crack normal strain £.: over thi width. Sin e 
this approach is based on the continuum parameters like tre and train, it i 
computationally convenient [100]. 
Table 2.6 Characteristics of smeared crack models [98] 
Models Characteristics 
Decomposed (Advantages) 
- Elegant description of elastic oftening behaviour including 
secant unloading/reloading 
- The combination of cracking with creep, shrinkage and/or a 
thermal strains 
- Handling of non-orthogonal multi-directional cracking 
(Disadvantages) 
- Complicated algorithmic aspects, which may cause the failure of 
internal iteration procedure in case of multiple crack 
- Possibility of too stiff response or stress locking due to user's 
ambiguous shear retention function or inter-crack threshold angle 
Total (Advantages) 
- No need for yield functions or sophisticated crack laws 
- No convergence problems or closing/re-opening difficultie 
(Disadvantages) 
- Modeling of only orthogonal crack 
- Impo ibility of combining with creep, hrinkage and a thermal 
train 
Th m ar d r ck mod I can be di ided into two differ nt type of mod I 
foll [100]: 
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Decomposed strain concept 
Total strain concept 
Both of above models are available in DIANA. The strain is decomposed into crack 
strain and the strain of the material on either side of the cracks in the decomposed 
strain concept [98]. On the other hand, the tensile and compressive behaviour of a 
concrete is described with one stress-strain relationship in the total strain concept 
[l05]. Merits and demerits of both models are summarised in Table 2.6 [98]. 
As shown in Table 2.6, only orthogonal cracks can be modelled in the total strain 
crack model. But, this is not a very serious problem, because only orthogonal cracks 
are important in many engineering problems and it is very difficult to choose 
parameters for non-orthogonal cracking [98]. 
In addition, the total crack models are divided into the fixed crack model and the 
rotating crack model [98, 100, 105]. 
The fixed crack model evaluates the stress-strain relationships in a fixed coordinate 
system that is fixed relative to the cracking [105], such that the directions are normal 
to the crack and tangential to the crack. In the rotating crack model, the stress-strain 
relationship is evaluated in the rotating principal coordinate system of the strain 
vector. 
The characteristics of both crack models are summarised in Table 2.7. The merits 
and demerits of both models seem to be a highly controversial issue [104]. 
In general, however, the fixed crack model has a disadvantage that may cause a too 
stiff response due to stress-locking [98, 100, 104]. This problem can be relieved by 
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setting the shear retention parameter to zero or almo t zero [100]. In particular. the 
fIxed model may be appropriate for the cases where the effect of multiple crack i 
important, because only a single crack at any point is allowed for the rotating 
cracking model [104]. 
Table 2.7 Characteristics of fixed and rotating crack models [98, 100, 104, 105] 
Models Characteristics 
Fixed 
Rotating 
(Advantage) 
- Modelling of multiple cracks (e.g. 3 crack in 3-dimen ional 
problems) 
(Disadvantage) 
- Possibility of too stiff response due to stress-locking 
(Use of very small value of the shear retention factor to avoid it) 
(Advantage) 
- Less stress-locking 
- Appropriate for localised cracking, well suited for reinforced 
structures 
(Disadvantage) 
- Modelling of only a single crack at any point 
- Un uitable for the modelling of crack closing and reopening 
It i said that the rotating crack model shows a more flexible and better re pon e 
than the fixed crack model for locali ed fracture anal y i [ 100]. In particular. the 
rotating crack model i well uited for reinforced concrete tructure [98 105]. 
Howev r it ha b en critici d for not d fining well the concept of crack clo. ing and 
op ning du to th continu u ariation in the ori ntation of the crack [104]. 
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It needs to be noted that both the fIxed and the rotating crack model are available in 
DIANA, whereas only the fIxed crack model is provided in ABAQUS. In addition. 
both models can be used only in combination with the total train model in DlA A 
[l05]. 
On top of the fixed and the rotating crack models, the non-orthogonal (multi-
directional) crack model is available in DIAN A [105]. However, it is said that the 
model is the least popular, because the criterion for the subsequent crack formation 
is arbitrary [104]. 
Apart from the smeared crack model (total strain-based fIxed crack model), the new 
version (6.3) of ABAQUS provides an isotropic damage model [104]. Table 2.8 
provides a summary of comparison of the isotropic damage model with the meared 
(fixed total strain) crack model based on the ABAQUS user's manual. 
Table 2.8 Comparison of isotropic damage model with smeared crack model [104] 
odel 
Isotropy 
Loading 
Stiffne 
Recovery 
Fixed Total Strain Model 
( meared Crack Model) 
Anisotropic (due to cracking) 
Monotonic 
No-con ideration 
Isotropic Damage Model 
(Damaged PI tici y Model) 
Isotropic damaged elasticity 
Isotropic tensile/compres i ve 
Plasticity 
Arbitrary (Cyclic, Monotonic, etc.) 
Con ideration 
Th ba ic umption of the model i i otropic damage. The i otropic model i 
d ign d for concr t under arbitrary loading including cyclic loading. Th 
tiffn indue d by pi tic training both in t n ion and 
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compression is considered. The stiffness recovery under cyclic loading IS also 
considered. [104] 
Fig. 2.15 shows both the smeared crack model (total strain-based fixed model) and 
the tensile part of the concrete damaged plasticity model (isotropic damage model) 
available in ABAQUS. It is known that stiffness recovery effect is considered in the 
isotropic damage model, whereas the smeared crack model assumes that open cracks 
completely close as the load changes from tension to compression. In Fig. 2.15 (b), 
We = 0 and We = 1 indicate "no recovery" and "full recovery" of stiffness, 
respectively. 
Stress Faiure Pont 
. ~ 
:-----
fens on 
" stiffenng" 
• • 
curve 
l..------------
----------------.' .. 
(f' 
E' =-!... 
, E 
S tra i1 
(a) Smeared Crack Model (b) Isotropic Damage Model (Tensile) 
Figure 2.15 Tensile constitutive models in ABAQUS [104] 
2.7.3 Conclusions 
E, 
The effects of constitutive models addressed above on the simulations in the present 
study will be checked in the chapter 4 (deterministic analyses). However, it is said 
that the rotating crack model shows a more flexible and better response than the 
ftxed crack model for localised fracture analysis. In particular, the rotating crack 
model is well suited for reinforced concrete structures. 
2-52 
University of Surrey Chapter 2. Lirerature Re\'ieH" 
2.8 Statistical Data for Reliability Analyses 
The statistical data of basic random variables are given Table 2.9. The data are 
mainly based on the WS Atkins report [10] and another literature [92]. 
Table 2.9 Statistics of basic RVs for steel girder and concrete slab bridge 
COV(2) 
Random Variables Distribution Bias(l) or 
StaDev 
Material Parameters 
Yield strength of rebar (1960-1975) lognormal 1.15 0.08 
lognormal 1.12 0.07 
Yield strength of structural steel 
lognormal 0.09 
Cube strength of concrete (In-site) lognormal - 6MPa* 
Elastic modulus of steel lognormal - 0.05 
Geometric Variables (3) 
Diameter of rebars normal l.00 0.25mrn* 
Slab thickness: in-situ normal 1.00 8mm* 
Thickness of web and flange of steel girder normal 1.00 0.03 
Height of web and width of flange of steel girder normal 1.00 3mm* 
Dead Loads 
In-situ concrete members normal 1.00 0.07 
Steel girders normal 1.00 0.04 
Surfacing normal 1.10 0.25 
Modelling Uncertainty Variables 
Bending capacity of steellRC composite deck lognormal 1.00 0.08 
Load effect calculations lognormal 1.00 0.05 
Resistance modelling uncertainty . A ,ftlL.ft I 
-
''F 
Damaged Variables (steel) 
Thickne s 10 parameter q -" . C); 
-. 
D [10] [92] 
( I) Bia factor = mean Inominal 
(2) Value with unit and * are tandard deviation 
(3) All g om tric ariabl are modelled u ing the format in WAtkin ' r port 
d= nominal d + d (uncertainty; random variable) 
2-
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2.9 Conclusions 
Important elements for the development of a system reliability-based bridge 
assessment method in combination with the RSM and NLFE analyses were 
reviewed in this chapter. Key issues identified by the review that are particularly 
relevant to the current research are summarised below. 
Many efforts have been made in the development of the bridge assessment based on 
the system reliability over the last decade. Especially, Ghosn et al addressed the 
system reliability of composite bridges using the RSM. The comparison of the 
present work with Ghosn's work was made. The present work may belong to a series 
of works implemented by the Highways Agency to develop site-specific reliability-
based assessment methods for short span bridges. 
System reliability-based assessment may be applied to a sub-standard bridge of 
which the reliability index fJ obtained from the level 5 assessment at critical 
sections is smaller than the target value fJr and is greater than the suggested 
minimum value fJMin' 
For complex structures such as bridges, a resistance RSF is often used. That is, the 
resistance RSF R(x) of the system for a specific loading is evaluated initially and 
is combined with the load effects X L afterwards. 'Redundancy' is generally 
defined in terms of the ultimate strength for a system and the ultimate load at first 
member failure. In addition, various failure criteria for bridge assessment are 
reviewed. However, the formation of a plastic hinge mechanism is generally used as 
a failure criterion of composite bridges. Frangopol et al proposed five bridge 
reliability states. The minimum acceptable reliability index was also proposed as 4.6, 
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whereas a code implicit minimum reliability was suggested as 4.0 in a WS Atkins 
report. 
It was found that there are two patterns of corrosion in steel girders. The varying 
thickness loss model developed by Sarveswaran was reviewed in detail, which 
makes it possible to calculate the thickness loss of elements due to corrosion. In 
addition, the definition of 'damage tolerance' was reviewed. If a system is able to 
sustain some damage without failure, then it is said that the system is 'damage 
tolerant' . 
Various types of traffic loading were reviewed. Especially, BD 21 stipulates 
structures such as slabs that span transversely be assessed directly by considering 
individual vehicles. On the other hand, load effects can be evaluated by Nowak's 
method using traffic data. In addition, some currently available live load models 
related to the load effects are reviewed in detail. 
Among several concrete crack models, it is said that rotating crack model shows a 
more flexible and better response than the fixed crack model for localised fracture 
analysis. In particular, the rotating crack model is well suited for reinforced concrete 
structures. 
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Chapter 3 
Modelling of Bridges using FEM 
Programmes 
3.1 Introduction 
The objectives of this chapter are to develop a numerical bridge model to be used for 
the present study, to define failure criteria of a bridge system and finally to validate 
the use of commercial structural analysis programmes in the present study. 
An actual composite bridge in the UK was used for the present work. The outline of 
the model is given (section 3.2). In addition, the model was developed using 
commercial FE programmes ABAQUS and DIANA. Modelling using the 
programmes is discussed in detail (section 3.3). 
Also, failure criteria for a bridge system in addition to the materials is addressed 
(section 3.4). In particular, special attention is paid to the effect of failure of load 
redistribution system due to punching shear. 
Finally, the validation of modelling with commercial finite element (FE) analysis 
programmes such as ABAQUS and DIANA was checked using the results of an 
actual full-scale bridge test (section 3.5). 
3-1 
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3.2 Outline of Bridge Model 
An actual composite bridge in the UK was used for the present research. The outline 
of the model is given in Table 3.1. 
Table 3.1 Outline of current bridge model 
Year of completion 1963 
Dimension B=18m, L =30m 
Total lane width 12.2m (horizontally curved lanes) 
Lane No. Three 
Skew 
The location and the shape of the bridge is shown in Fig. 3.1. The model i a 
composite bridge with a span of 30m and a width of 18m. The actual bridge is 
composed of traffic lanes (l2.2m wide) and footways. Strictly speaking, the bridge 
is not a highway bridge, because it is located at a roundabout, not on the highway 
itself. 
lanes 
igu .1 tion of urrent hridg model and th hape of traffic Ian 
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3.3 Modelling with DIANAIABAQUS 
3.3.1 General 
In order to simulate the present bridge model, the following two different 
commercial structural analysis programmes were used initially. 
1. DIANA (version 8.1) 
2. ABAQUS (version 6.3.1) 
Selection of a programme appropriate for the present study was made ba ed on the 
simulation results for the full-scale bridge test and the deterministic analy is re ult 
for the present bridge model. 
The dimension of the whole cross section was assumed to be constant as shown in 
Fig. 3.2. For simplicity, the skew was also suppressed. 
pavement 100 + slab 250 
],240 
1,400 7@2,200=15,400 1,400 
18,200 
Figure 3.2 ero s section of model 
In addition it wa a umed that the web and the flange of teel girder ati fy the 
width-thickne ratio of compact ection to avoid local buckling. In compact 
tion th full pIa tic moment can be developed b for and maintain d aft r th 
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3.3.2 Basic Input Data 
The basic input data such as geometrical propertie and material propertie ' of th 
bridge model to be used for the present studie are given in Table 3.2 and Table 3.3. 
respectively. The data were obtained from as-built drawing of the bridge m del. 
Table 3.2 Geometrical properties of bridge model study (nominal) 
Parameters Reference Unit 
Girder/Cross beam 
Height 1.24 0.3 m 
Top Flange (width/thick) 33/2.5 8.9/1.0 cm 
Web (thickness) 1 1 cm 
Bottom Flange (width/thick) 46/5.0 8.9/1.0 cm 
Rebar 
Cover (long/trans) 5.5/3.8 cm 
Diameter (long/trans) 16/19 mm 
Spacing (long/trans) 20.3/15.2 cm 
Slab (Thickness) 25 cm 
Pavement (Thickness) 10 cm 
Basically, they were obtained from the as-built drawing of the actual bridge. For the 
parameters that were not available, values based on relevant specifications uch as the 
Briti h Standards were used. In principle, the mean values of each parameter were 
calculated by multiplying nominal values in Table 3.2 with bias factor in Table 2.9. 
Fig.3.3 how constitutive models for girder steel and reinforcement. 
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Table 3.3 Material properties of bridge model for present tudy 
Parameters Mean Unit Source 
Steel 
Grade S235 BS EN 10025 
Strength 263.2 MPa 
BS EN 10025. 
WS Atkin report [10] 
Density 7,850 kg/m3 BS EN 10025 
Poisson's ratio 0.3 BS EN 10025 
BS 5400 
Young's Modulus 205 GPa 
BD56 
Rebar 
Grade G460 BS 4449 
Strength 529 MPa BS 4449, WS Atkin. r port 
Density 7,850 kg/m3 BS 4449 
Poisson's ratio 0.3 [112] 
Young's Modulus 200 GPa BD44 
Concrete 
Strength (cube/cylinder) 34.9/27.9 MPa [ 113] 
Density 2,400 kg/m3 AASHTO 
Poisson's ratio 0.2 BD44 
Young's Modulus 24.5 GPa ACI318-89 
Tension Stiffening 1.00E-03 ABAQUS Manual 
Tensile/compressive str. 0.09 ABAQUS Manual 
Pavement (Density) 2,250 kg/m3 AASHTO 
3.3.3 Element Types 
The DIANA manual [105] advises linearly interpolated i oparametric element not 
to be applied for nonlinear analysis. It is becau e they have intrin ic hortcoming 
uch a para itic hear and volumetric locking which cannot be ea ily dealt with in 
nonlinear analy i . In tead, higher order element (e.g. quadratically interpolated 
1 m nt ) are trongly recommend d. For th concrete . lab th refo~ a quadrilat ral 
urv d h II I m nt ho n III Fig. 3.4. It hould b n t d th t 
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reinforcements cannot be embedded in flat shell element . 
7 
8 
5 
4 
3 
Figure 3.4 Curved shell (CQ40S-quadrilateral 8 node) [lOS] 
A three-node, three-dimensional beam element CLI8B in Fig. 3.5 wa u ed to model 
steel girders and cross beam . This type of element can be u ed in geometric and 
material nonlinear anal ysis as well as in linear anal y i [105]. 
3 
Figure 3.5 Beam element (CL 18B, 3 node ) [105] 
Reinforcements embedded in the slab as shown in Fig. 3.6 were modelled u ing grid 
reinforcement, which is a plane shaped reinforcement grid as shown in Fig. 3.7. The 
location of the grid reinforcements was defined assuming that both tran ver e and 
longitudinal reinforcements are at the same level. 
• • • II 
II 
~-----------------
• • • • • • 
igu .6 R inforcem nt mbedd d in lab 
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• 
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~ ...... :-:-:.:-.. " ".'-:-: "";-: .. 
• • 
• 
(a) 2-D element (b) Solid element 
Figure 3.7 Reinforcements grid [105] 
The dimension of the reinforcements is specified by the equivalent thickne feq that 
indicates the area of cross-section per unit length as can be een in Fig. 3.8. 
Figure 3.8 Equivalent thickness of reinforcement grid [105] 
The element type used in DIANA are summarised in Table 3.4. 
Table 3.4 Element types used in present study (DIANA) 
Structural Component Element Type 
Steel Girders CL18B (3node ) 
Concrete Slab CQ40S (8node ) 
Reinforcements GRID 
In ABAQUS, a quadratic 3D beam element B32 (3 nodes) wa u ed together with a 
thick- hell element S8R (8 node) in a similar way to DIA A. 
Reinforcement in the lab were modelled with the *REBAR LAYER option which 
i u ed to define layer of uni-axial reinforcement in membrane. hell and urfac 
element . Th laye are treated a a meared layer with a con tant thickn qual 
f ch rebar di id d by the r bar pacing at th I ati 0 f rein~ rc m ot 
in th I b [104]. 
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Table 3.5 Element types used in ABAQUS 
Structural Components Element Types 
Steel Girders B32 (3 node) 
Concrete Slab S8R (8 node) 
Reinforcements * REBAR LAYER 
3.3.4 Integration Points in the Cross Sections 
Fig. 3.9 shows the integration schemes in ABAQUS in which a shell element ha 9 
section points and a beam element has a total of 13 point . In particular. the 
integration points of the beam element comprise only one point in the flange/web 
thickness direction. It is not possible to increa e the integration point in the 
thickness direction in ABAQUS. 
p 
9 
5 
e 6 
e 7 
e 8 
13 =--_-.:=e=-:1-=--1 _~ 9 
Figure 3.9 Integration Points in ABAQUS 
In DIANA, the integration scheme, particularly in a beam element, i quite different 
from that u ed in ABAQUS. DIANA divide the cro ection in quadrilateral 
(rectangular) integration zone a hown in Fig. 3.10. In addition, the number of 
integration point in each quadrilateral zone can be defined according to either the 
Gau rule or the Simp on rule hown in Fig. 3.11. A three-point imp on rule i 
th d f ult a h wn in Fig. 3.10. [Default number of ,,=3 number f ,"=3]. 
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4 
Figure 3.10 Integration Points in DIANA (default) [105] 
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(a.) Ga.uss (b) Simpson 
Figure 3.11 Integration schemes in quadrilateral zone in DIANA [105] 
The integration points for the bridge model for the present study are defined a 
shown in Fig. 3. 12 (a). (3 Simpson x 3 Gauss) points were given for flanges and (5 
Simpson X 3 Gauss points) were given for the web in order to make it possible to 
obtain the results at the same points as ABAQUS. 
4 5 
29 
28 
23 
(a) beam 
6 
n 
v 
8 
7 
6 
<:: 
v 
4 
3 
2 
. 
n ~ =9 
.. 
(b) lab 
Figure 3.12 Integration cherne in pre ent model (DIA A) 
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Fig. 3.12 (b) shows the integrations schemes for the shell element. A nine-point 
integration scheme was adopted in the thickness direction in the arne way a that of 
ABAQUS model. 
3.3.5 Connections between Beams and Slab 
In the DIANA model, the nodes were defined on the mid-plane of the hell element. 
Therefore, the beam elements were connected eccentrically to the hell element a 
illustrated in Fig. 3.13 using the same nodes. The eccentricity parameter wa u ed to 
define the beam offset. That is, it was as umed that the beam i attached to the lab 
perfectly all over the length of the beam. In addition, the bridge model wa rever ed 
so that the sign of deflection and load obtained from simulation is alway po itive. 
I 
Neutral 
Axi 
.. 
~ .. 
Eccentricity 
y 
I I 
Node . r 
4~ 
Loads 
Figure 3.13 Modelling in DIANA 
The ABAQUS model al 0 defined the hell element and the beam element u ing 
the arne node . However the bearn element were con trained to the hell 1 m nt 
u ing th pararn t r off et can be e n in Fig. 3. 14. 
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I Loads 
Offset 
Figure 3.14 Modelling in ABAQUS 
3.3.6 Application of Concrete Crack/Constitutive Models 
Table 3.6 shows concrete crack models currently available in DIANA and ABAQUS 
as described in chapter 2 in detail. It needs to be noted that the non-orthogonal crack 
model is included in the total strain-based crack model. Selection of the mo t 
appropriate crack model was made after all the model had been tried on the pre ent 
bridge model. The same crack model was used for the reliability analyse a well. 
Table 3.6 Concrete crack models currently available in DIANA! ABAQUS 
""" C ode ,; ... 
Decomposed Strain 
Fixed 
DIANA Smeared 
Total Strain Rotating 
Non-orthogonal 
Smeared Total Strain Fixed 
ABAQUS 
I otropic Damage 
In Fig. .15 om of th compre i e function of concret a ailabl in DI 
illu tr t d. 
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(a) ideal (b) linear (c) Thorenfeldt 
Figure 3.15 Compression Behaviour of Concrete 
In addition to the 'ideal' compressive function, the 'Thorenfeldt' function wa 
checked in DIANA. In ABAQUS, however, only the ideal type wa applied, a the 
Thorenfeldt function is not available. Detailed failure criteria of concrete are 
introduced in more detail in section 3.4. 
3.3.7 Traffic Loading 
The resistance of a structure R(x) is dependent on the configuration of vehicle a 
mentioned in chapter 2 (see section 2.6.1). In order to express the limit state function 
G(x) = 0 accurately, therefore, it may be necessary to use loading models with the 
same configuration as the actual trucks. In addition, it would be desirable to use the 
load effects which are obtained from actual traffic data. However, it is practically 
impo sible to take into account all the actual truck configurations for the evaluation 
of reliability of a tructure, ince it require tremendou computation work. 
Accordingly, a reference truck loading i generally u ed for the evaluation of the 
re i tance R( ). For example, Nowak et al [22] developed live loading model 
u ing th tandard HS-20 truck load in the USA for the a e ment of high ay 
bridg . 
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BD 21 [56] specifies that bridges be assessed for their capacity to carry 40/44 tonne ' 
assessment live loading (40tl44t ALL). Structures that cannot sustain 40/44t ALL 
shall be reassessed to restrict the weight for the levels of restricted ALL (e.g. 26 
tonnes, 18 tonnes, or 7.5 tonnes ALL) if immediate replacement or strengthening i 
not carried out. It is also stipulated that girders and slabs that span tran ver ely be 
assessed using vehicular loading. However, it does not specify the configuration of 
vehicle loading to be used for the evaluation of resistance of a system for reliability-
based assessment. Therefore, a vehicle loading that causes the worst re istance wa 
selected as a reference loading model to be used for the present study. 
The axle spacing was slightly adjusted to match the mesh system. Table 3.7 shows 
the adjusted configuration of each loading as well as the original configuration. 
Refer to Table 2.4 and Fig. 2.11 for the original configuration and notation. In 
addition, load-deflection curves in Fig. 3.16 show that the first configuration cause 
the worst resistance. Therefore, it has been used as the reference loading. 
Table 3.7 Adjustment of Axle Spacing (Original/Adjusted) 
Gros No .. of Axle Weight and Spacing 
Weight Axles 01 WI AI W2 A2 W3 A3 W4 A4 W5 A5 
(tonne) (m) (tonnes) (m) (tonnes) (m) (tonnes) (m) (tonne) (m) (tonne) (m) 
3.00 4.20 1.35 1.35 
40· 5 1.0 6.00 11.50 7.50 7.50 7.50 t----
3.00 4.20 1.20 1.20 
2.80 1.30 5.28 1.02 
402 5 1.0 6.00 11.50 6.50 8.00 8.00 t----
3.00 1.20 5.40 1.20 
2.80 1.30 4.80 1.80 
403 5 1.0 5.00 10.50 4.50 10.00 10.00 I---
3.00 1.20 4.80 1.80 
Th di id d into tot P . Dead load [1 appli d in th 
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first step. And then, traffic live loads were applied in the econd tep. In principle. 
the traffic load was increased until the simulation passe beyond the ultimate tate. 
Fig. 3.17 shows a two-lane truck loading applied to the present bridge model. 
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Figure 3.16 Load-deflection curves for three 40t vehicle ALLs 
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3.3.8 Development of Half Model 
A half model of the eight-beam and slab bridge model in Fig. 3.18 wa developed 
using the symmetry in order to reduce the computational running time e pecially in 
DIANA (a PC version). Strict restriction of output reque t also helped in reducing 
the computational running time significantly. 
It is seen from Fig. 3.19 that the load-deflection curve of the half model i ab olutely 
identical with that of the full eight-beam model. However, it need to be noted that 
the half model can be used only for the case where traffic loading i applied 
symmetrically. For example, it is impossible to u e the half model for the case 
where a single truck loading is located eccentrically from the centre of the lab. 
I DIANA 8.1-469 : Un Ivers Ity of Surrey JO-NOV-2003 09: 46 he If. t I rr 
Figure 3.18 Beam and ero beam of a half model (DIA A) 
3.3.9 Geometric onlinearity 
h DIA manual [105] ay that g ometrie nonlinearit n d to enid d 
h nth rti di pi m nt J i lightly bigg r than th am thi 1m t in 
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case of a flexible beam. It was found that the vertical deflection (about O.6m) in the 
present model at the ultimate limit state is considerably maller than the beam 
thickness (l.24m). Therefore, geometric nonlinearity option wa normally uppre ed. 
-- DIANA (Half Model) 
-+-- DIANA (Full Model. 
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Figure 3.19 Load-deflection Curves for Half Model 
3.3.10 Effects of Boundary Conditions 
Definition of nodes on the mid-plane of the shell elements indicates that boundary 
conditions are also attached to the slab mid-plane. This is different to the actual 
bridge on which supports are located on the bottom flange of the steel girder . In 
order to model this type of boundary condition, both slab and beam mu t be attached 
eccentrically to the nodes which are defined at the bottom of the girder . However, it 
may make the imulation very complicated e pecially in reliability analy e in 
which variation of the thickne of flange hould be con idered. 
Pro ided the boundary condition are defined at the mid-plane of the h 11 lem nt 
th I b i a umed to b fi ed at abutment for hing d upport. Ho 
-I 
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horizontal movement of the slab occurs due to the rotation of the bridge deck in an 
actual bridge [106] as can be seen in Fig. 3.20. Obviously, the difference in the 
horizontal behavior may introduce errors in the simulation. 
Mid-plane of the shell 
element 
(Assumed to be fixed) 
Support (Hinge) 
Horizontal rno ement 
Figure 3.20 Movement of slab due to rotation 
An illustration of a composite bridge supported by hinge at both end of a beam i 
given in Fig. 3.21. In the case of actual bridges, the length of the lab i reduced a 
the deflection of the bridge makes progress. However, the hortening of the pan 
length (LO~Ll) cannot be incorporated into the simulation in a case where the 
boundary conditions are defined at the slab. 
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Figure 3.21 Hing upport at Both End 
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For simply supported bridge, however, it would seem that it doe not affect the re ult 
significantly. Since the slab and the beam in the simply upported bridge can move 
freely in the longitudinal direction without any constraints, the tructural re pon e i. 
not significantly affected by the position of boundary condition. Fig. 3.22 how 
that the reduced span length in the actual bridge, Ll, is the same a that of imulated 
bridge (because the horizontal shortening Dl + D2 = D4). 
The present model has the same boundary conditions that are shown in Fig. 3.22. It 
is simply supported at abutments in the longitudinal direction. Therefore, node will 
be defined at the centre of the shell element for simplicity. Boundary conditions for 
present bridge model are shown in Fig. 3.23. 
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Figure 3.22 Simply Supported Bridge 
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8 b..m bridge model 
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Figure 3.23 Boundary conditions (ABAQUS) 
3.3.11 The Incremental-Iteration Algorithm 
Overview 
In nonlinear FE analysis, incremental-iteration methods are generally u ed in order 
to traverse the nonlinear equilibrium path. The effects of various incremental-
iteration methods will be addressed in detail in this section. The method are 
composed of an incremental part and an iteration part. Fig. 3.24 from DIANA 
Manual [105] shows the general procedure of the iterative processe . A pect of thi 
procedure are illustrated in the Regular Newton-Raphson iteration method, hown in 
Fig. 3.25. The following ummari es the procedure. 
It wa found that the Con tant Stiffne method in combination with the Line Search 
m thod pro id a good re ult in the pre ent model. Al 0 a partially automatic t p 
ontrol hich combin plicit t P iz control r -I ngth 
-1 
University of Surrey Chapter 3. Modelling of Bridge Models Llsing FEM Programme 
Iteration Algorithm 
Modification of the total displacement increment ~u is made iteratively u 109 
iterative increment & until equilibrium is obtained. The displacement at iteration 
i + 1 are given as 
(3.1 ) 
The iterative increments & are evaluated using a stiffness matrix K as follow 
where, gj: out-of-balance force 
The stiffness may change at every iteration. 
No 
(
Begin 
increment 
Increase external load 
I/w 
Calculate 
"out-of-balance force" 
g = lext - hnLl 
Predict 
change in displacements 
~Ui+1 = ~i + ~i+1 
Determine new internal force 
lint 
l End 
in rem nt .... 
[105] 
(3.2) 
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f 
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~------------------------------~u 
Figure 3.25 Regular Newton-Raphson iteration [105] 
The stiffness K; is calculated at every iteration in the Regular Newton-Raphson 
iteration method as shown in Fig. 3.25, which usually enables this method to get a 
converged solution within only a few iterations. 
Apart from the Regular Newton-Raphson iteration, other iteration methods are al 0 
available in DIANA. The way of determining til varies from method to method. 
The iteration methods available in DIANA are as follows: 
- Newton-Raphson 
Regular 
Modified 
- Qua i-Newton (Secant method) 
- Linear Stiffnes 
- Con tant Stiffne 
- Line Search 
n method hown in Fig. 3.26 the tiffn 
fth in 
- I 
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f 
L---------------------------------+u 
Figure 3.26 Modified Newton-Raphson iteration 
In the Quasi-Newton method, information from the previous solution vectors and 
the out-of-balance force vector is used. The Quasi-Newton method does not 
calculate a completely new stiffness matrix every iteration unlike the Regular 
Newton-Raphson method. 
1+1111. 
exl 
lint.! 
t l ext 
Th lin ar tHIn 
f 
L-________________________________ +u 
Figure 3.27 Linear Stiffne Method 
matri i udall the time in the Lin r titTn it r tion 
thod can be u 
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this method, the stiffness needs to be evaluated only once of the beginning of the 
solution. Fig. 3.27 shows the Linear Stiffness method. 
In addition, the stiffness matrix left behind by the previous increment is used in the 
Constant Stiffness method. If the first step of an analysis uses Newton-Raphson 
iterations and a second step uses Constant Stiffness iterations, the last calculated 
stiffness in the first becomes the stiffness matrix in the second step. This method 
becomes the same as the Linear Stiffness method if it is used since the first iteration. 
This method can be applied to the cases where the Newton-Raphson method fails 
after a number of successful increments. 
Basic iteration methods which are based on a reasonable prediction often fail to get 
converged solutions for structures with strong nonlinearities, such as cracking, 
because the initial prediction is too far from equilibrium in such cases. In order to 
improve the convergence rate, the Line Search algorithm can be used in 
combination with the basic iteration methods. In the Line Search method, a 
prediction of the iterative displacement increment & is scaled such that the energy 
potential is minimised. The Line Search method is based on the rationale that the step 
size may not be optimal but the direction ~u found in the basic iteration method is 
often reasonable [107]. 
Control of Increment Size 
Increments in the iteration process are controlled by load or displacement. In load 
control, the external force tl'xl is increased directly. On the other hand, 
displacement control loads the structure indirectly by increasing the prescribed 
displacements. The Arc-length method is used in combination with load control or 
displacement control in order to control the displacement increment &. The use of 
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the Arc-length method enables simulations to traverse the equilibrium path even in 
the case of the snap-through behaviour or the snap-back behaviour hown in Fig. 
3.28. Also, it is applicable to the cases where the di placement increment can 
become very large due to the almost horizontal load-displacement cur e. The 
increment size can be specified automatically by DIANA or may be pecified 
explicitly by user. 
u L-________________ + U 
(a) snap-through (b) snap-back 
Figure 3.28 Application of Arc-length n1ethod 
Table 3.8 shows the incremental-iteration methods adopted in the present tudy. A 
shown in Fig. 3.29, simulations using the fully automatic control of increment ize at 
the 2nd load case without restricting the maximum step size failed to get a good 
re ult in the present study. On the other hand, better result was obtained from the 
model in which the maximum step size was restricted to 0.1 and the Arc-length 
method was used. 
Table 3.8 Incremental-iteration methods used in the present study 
Load ca e Iteration method Increment size 
1 st Regular Newton-Raph on Load Control 
dead load Explicit ize 1.0 
2nd 
Constant Stiffne Load Control 
Line Search Arc-length method 
liv load Explicit ize 0.1 
Partially aut matic c ntrol of step ize, which combin s the e pli it pecification of 
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increment SIze with the Arc-length method, provides the best re ult. The Newton-
Raphson method did not provide good results as shown in Fig. 3. 30. It i not clear wh 
the Newton-Raphson method shows bigger values of load factor. Automatic control with 
maximum step size restricted provided the same result as the explicit control. 
autolVla1lc. no max. aro-Ietlglh 
--- Butoma1lc. mOl( (0.1). src-tellglh 
--+- cxplici1 (O. 1). iuc.lQnglh 
40~----~------~----~------~------~----~ 
35 
30 
25 
20 
1() 
I 
:1 
.sL-----~------~----~~----~------~----~ 
o 0.2 0,4 0 6 0 ~ 1,2 
Defl~tion (m) 
Figure 3.29 Effects of increment size control by DIANA 
--- Constant method, explicit (0.1) 
-- Newton Raphson, explicit (0.1) 
-e- Newton Raphson, automatic (max 0.1) 
40 
35 
::.J 
...J 
<t: 
Q) 
(3 
:E 
Q) 
> 
0 
~ 
... 
~ 
cu 
LL 
"0 
cu 
0 
...J 
-50 0.2 0.4 0.6 0.8 1.2 
Deflection (m) 
Figure 3.30 Application of the Newton-Raph on method 
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3.4 Failure Criteria 
3.4.1 Failure Criteria of Materials 
"crdck detection"surface 
2 
2 3 p 
,~ 
Figure 3.31 Concrete failure surfaces in the p-q plane [104] 
For concrete, two types of failure criteria are provided in ABAQUS. One is a 
'compressive' yield/flow surface for a concrete in predominantly compressive tate 
of stress. The other is a 'crack detection' failure surface in ten ion. The failure 
surfaces in the p-q plane in Fig. 3.31 show that they are considerably dependent on 
the hydrostatic pressure p [104]. In Fig. 3.31, q is the von Mise stress. 
/ "crack detection"surface I ' ~ un'",,'a' I,nslon 
uniaxial compression 
compression" 
surface 
/ 
" / 
/ 
/ 
/ 
,-
/ 
/ 
/ 
b. <1. cumpresslon 
, 
/ biaxial 
tension 
in plane stre .. ' [104] 
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Fig. 3.32 is an example of the concrete failure surface in plane stress. In addition, 
the failure criteria for the current model are calculated as follows: 
The 'compression' surface is 
Ie = q - -fjaop - -fj'£f = 0 (3.3) 
where a = -fj 1- r;: = -fj 1-1.16 = 0.21 
o 1-2y: 1-2x1.16 
T, =(~-~ )O",=(~-O.:1}27.9=14.155 (3.4) 
y:C ; Ratio of the ultimate biaxial compressive stress to the ultimate uniaxial 
compressive stress, typically 1.16 
Substitution of (3.4) into (3.3) gives 
q - 0.36373p = 24.517 (MPa) 
For the 'crack detection' surface, the following Coulomb line is used. 
f. = q" -(3 -b ~Jp" -(2 -bo ~Ja = 0 
, 0 aU 3 a" , 
, , 
1+(2- I)t: -~1+(1t:)2 + It: 
where, bo = 3 1 + t: (1- I) 
= 3 1 + (2 -1/3) x 0.09 - ~~i +-(-l/~3 x-0-.0-9--:-) 2 -+----:1/:--3 x-0-.0=-=-9 = 0.3811 
1 +O.09x(1-l/3) 
uniaxial tensile stress at failure ~=I(1;/(1;1 = 1--------1 
uniaxial compressive stress at failiure 
(3.5) 
(3.6) 
_ /" _ tensile principal stress value at cracking in plane stress 
1-(1/1 O'c - tensile cracking stress under uniaxial tension 
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The stress measures jJ and q are defined in the same way a p and q. However. 
the stress components associated with open cracks are not included in jJ and q. 
The default values of y;r (0.09) and f (1/3) are used. Since (51 = (5:1 at cracking. 
the crack detection surface in the model is obtained from (3.6) a follow 
q - 2.6189 jJ = 4.703 (MPa) (3.7) 
Therefore, plotting of equations (3.5) and (3.7) provides a basis for determining 
whether the section points of concrete slab have failed in ABAQUS. In DIANA, it i 
possible to check the cracking status based on plotting the cracks (a hown in Fig. 
3.40). 
For the girders and reinforcement, the von Mises yield surface can be u ed a failure 
criteria. The von Mises stresses at an arbitrary beam are plotted in Fig. 3.33, for an 
arbitrary load, simply for illustration. The data is taken from an ABAQUS analysi 
It shows that at least four section points have yielded at this point in the analysis. 
~ S:Mises SP: ll E: 10026 
L ............ ' S:Mises SP:3 E: 10026 
-. :> S:Mises SP:6 E: 10026 
~ S:Mises SP:7 E: 10026 
~ S:Mises SP:B E: 10026 
XMIN 1.000E-!{)0 
XMAX 1.732E-!{)o 
YM1N B.724E-I05 
YMAX 2.632E-I08 240.00 
200.00 
~ Q 160.00 
'C (j) 
Ii: 120.00 
~ 
U. 80.00 
40.00 
0.00 l:.:...-_....:..L----=---_L..-_-L-_-----I ____ -L-_---'-__ ___ 
1.00 1.20 1.40 
Time 
Figure 3.33 von Mi 'es tfe. se: at a b am 
1.60 
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3.4.2 Failure of the Bridge System 
Different concepts of 'failure' can be used in bridge assessment as addressed in the 
literature review (see section 2.4.7). According to a WS Atkins report [10], the 
system reliability-based bridge assessment method can be applied to 'sub-standard' 
bridges. Therefore, it would be unreasonable if the occurrences of local failure such 
as cracking on the slab which do not affect the safety of a whole structure form a key 
factor in determining the decision about the safety of sub-standard bridges. 
Of course, reliability-based bridge assessments can be used in order to investigate 
whether the local failure occurs in the slab when an abnormal traffic load (e.g. a 
great mobile crane) passes the bridge [32]. The abnormal traffic load mayor may 
not be permitted to pass the bridge based on the results. In such a case, the 
configuration and the weight of the abnormal traffic load may be used directly 
without a traffic survey. This is, however, a different research topic. It should be 
noted that the Highways Agency has been trying to develop a bridge-specific 
assessment method for short/medium span bridges for normal traffic loading [12]. 
For that reason, abnormal traffic loading data were filtered out from traffic data 
collected by TRL [12]. Accordingly, it would be more reasonable to use global 
failure due to normal traffic load as a failure criterion in the present research. 
For simplicity, only flexural bending failure was considered as a failure mode for the 
ultimate limit state. Therefore, the formation of a plastic hinge mechanism was used 
as failure criteria for the current research in the same way as Ghosn's work [25]. In 
addition, a deflection level of LI300(m) (L: span) was used as the serviceability 
limit as proposed by Ghosn [19] wherever necessary. 
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3.4.3 Effect of Failure of Load Redistribution System 
Much of the research on composite bridges based on system reliability ha a umed 
that the load redistribution (LR) capacity is perfectly rigid [18-21]. Gho n e! at [20, 
25] suppressed the possibility of punching shear failure in developing hi FE 
programme, NONBAN, simply because accurate models to predict punching hear 
failure were not available and punching shear failure occurred at a load level onl y 
slightly lower than the ultimate load in the Nebraska full-scale bridge test. However, 
it should be noted that the whole bridge system may be afe if punching hear occur, 
because the system cannot reach the ultimate state. Therefore, punching hear 
failures should be excluded from the calculation of the failure probability of a global 
system. 
structurally 
independent system 
~ROd 
( ( late 
J J punching shear 
" P (holes) 
Figure 3.34 Simplified parallel system 
The behaviour of multiple-girder bridges can be considered a parallel y tern [24]. 
Fig. 3.34 show a parallel y tern which ideali es an eight beam and lab compo ite 
bridge. Rod corre pond to . tee I girder, and the plate corre. pond to the lab. 
FUl1hermore, punching shear failure in the full- cale bridge te t c rre.-ponds t the 
case where the plate is damaged and eparated into three part ' a. an be , cen in Fig. 
3.34. 
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Suppose that only one rod has yielded, while the others are still safe at the moment 
of the fracture of the plate. In such a case, the outer rods can no longer hare the 
applied load 'P'. That is, the load 'P' does not affect the outer rods. The fracture of 
the plate (punching shear on slab) makes the outer rods 'structurally independent'. 
As a result, the whole system is safe in spite of the local failure in a rod and a plate. 
Therefore, it would be more proper to exclude such cases from the evaluation of the 
failure probability of a whole system than to suppress the punching hear a umIng 
that the LR capacity is perfectly rigid in a similar way used in NONBAN. 
( ( ( v I\. 
/ .I ) 
p 
,P 
"U "U 
<"I <"I 
0 0 
......:l ......:l L2 
Deflection Deflection 
(a) Case 1 (b) Case 2 
Figure 3.35 Effects of load distribution system 
It need to be noted that the resistance of a system obtained at the point of failure 
(the fracture of the plate) is not the ultimate trength, but only the highe t trength 
that the , imulation can reach. 
Fig. 3.35 shows relationship. between the highe t load and the load redi 'tribution 
system. A system with better load redistribution mechanism ha.' a bigger highest 
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load. It also shows how unreasonable it could be if the highest value is used for the 
load carrying capacity of the whole system. It is seen from Fig. 3.35 that the level of 
load can be used as an indirect measure of the relative load resistance capacity of a 
plate (load redistribution system) compared with another plate. A stiffer plate would 
provide a large value of load, because the number of yielded rods will increase. 
In summary, failure of the load redistribution system affects the results significantly. 
In addition, the highest value of load cannot be used instead of the load carrying 
capacity (ultimate strength) of the whole system. 
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3.5 Validation of Modelling; Full-Scale Bridge Test 
3.5.1 Overview 
In order to validate the modelling with commercial finite element (FE) analysis 
programmes ABAQUS and DIANA prior to the commencement of analyses for the 
present study, simulations for an actual full-scale bridge test were carried out and 
results were compared with the experimental data. Also, a selection of some major 
factors for FE modelling was made based on the results of simulations. Focus of the 
validation was placed on the following. 
1. How well do simulations trace a load-deflection curve obtained 
from the full-scale bridge test? 
2. Do the simulations terminate in a similar way to the test which stops 
due to the punching shear failure of slab? 
3.5.2 Outline of the Full-Scale Bridge Model 
The Structural Laboratory of the University of Nebraska-Lincoln performed a test on 
a full scale bridge model (so called 'Nebraska Bridge') having a span of 21m and 
width of 7.8m [l08]. The bridge was designed and constructed for this test. The 
cross section of the bridge is given in Fig. 3.36. Material properties were obtained 
through strength tests on steel samples and concrete cylinders. On top of the 
permanent dead load applied on the bare section (0.092ksi/in), the superimposed 
dead load (0.023 ksi/in) is applied on the composite girders [25]. 
In order to determine the ultimate load capacity, various levels of loads were applied 
to the bridge through hydraulic jacks [108]. The loads simulate two side-by-side HS-
20 trucks on the bridge. The loads were increased until a failure occurred in the slab 
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due to punching shear. It was observed that girders remained ela tic until a load of 
about 12 times the weight of HS -20 trucks were applied to the bridge. A load level 
equal to 16 times the weight of HS-20 trucks caused punching shear to occur on the 
slab. 
O.19m 
: : . 
-~ -- ---
1.4m 
O.9m I 3m 3m O.9m 
Figure 3.36 Cross Section of Nebraska Bridge [25] 
3.5.3 Modelling 
Co, ~Iagnitude 
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+4.631 ... 05 
+4.210e+05 
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Figure 3.37 Mesh system of Nebraska Bridge with ABAQUS (with H -20 1 ading) 
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Table 3.9 Input Data for the Nebraska Bridge 
Parameters Input 
Dimension 
Slab 
Breadth 7.8m 
Span Length 21.0m 
Thickness 0.19m 
Overhang 0.90m 
Rebar 
Longitudinal 
Diameterl Area 12.5mm/O.000 12272m2 
Spacing 0.45m 
Transverse 
Diameterl Area 12.5 mmlO .000 12272m 2 
Spacing (ToplBottom) 0.45/0.30m 
Steel Girder 
Spacing 3.0m 
h/b1/b2 1.4/0.225/0.35m 
t 1/t2/t3 0.01875/0.03125/0.009375m 
Material Prope11ies 
Concrete 
Ultimate Strength 42.40MPa 
Young's Modulus 30.82GPa 
Rebar 
Yield Strength 500.5MPa 
Ultimate Strength 822.9MPa 
Young's Modulus 190.0GPa 
Steel Girder 
Yield Strength 287.7MPa 
Ultimate Strength 452.0MPa 
Young' Modulu 190.3GPa 
Loading (HS-20) 
Di. tance from Support 6.0m 
Transver. e Spacing 1.8m 
Axle Spacing 3.6m14.5m 
3-.5 
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Basically, the Nebraska Bridge was modelled in the same way as the present bridge 
model, as addressed in the previous sections. The same element types and meshing 
distribution are used. Beams were attached to slab in the same way. Also, loading was 
applied to the model in two steps. Dead loads were applied at first. Traffic live loads 
were applied in the second step. Fig. 3.37 shows the Nebraska Bridge model with 
traffic loading. Details of input data are listed in Table 3.9. For unavailable data such 
as tension stiffening of concrete, default values in the FE programmes were used. 
In order to use the same dead load effects as the full scale bridge test, the density of 
concrete was adjusted. 
Dead load per unit volume 
D = 0.092ksilin 
= 0.092x6,894.8N/m
2 
= 25,373 No/" 3 
0.025m 
Total dead load 
= 25,373x(31.92+ 1.7522) 
= 854,360N 
Weight of concrete & Density of concrete 
W =p gV =D -W =D -p gV c c c , s , t s 
= 854,360 - 7,850 x 9.8 xl. 7 522 = 854,360 -134,797 = 719,563 
Pe = Wei gVe = 719,563/(9.8x31.92) = 2,300kg 1m3 
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In a similar way, the superimposed load was applied by changing the den ityof teel. 
Superimposed Dead Load D = 0.023ksi / in 
s 
= 0.023x6,894.8 = 6,342o/n 3 
0.025 m 
!1ps = D;{ = 6,34%.8 = 647kg / m 3 
Ps = Pso + !1ps = 7,850+ 647 = 8,497 kg / m
3 
3.5.4 Simulation Results 
Both the total strain-based rotating and fixed crack model were u ed in DIAN A, 
while only the fixed crack model was used in ABAQUS. 
The ABAQUS model terminated prematurely at a very early stage of the imulation 
compared to the full-scale test. Fig. 3.38 shows a load-deflection curve of the 
Nebraska Bridge obtained from ABAQUS with geometric nonlinearity suppre ed. 
-- Full-Bridge Test 
-- ABAQUS (DAF=1.15) 
14 ........ , ........ - .. . 
o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 
Deflection (m) 
Figure 3.38 Load-deflection curve of Nebra ka Bridge (ABAQUS, 0 GN) 
In DIANA. simulations without considering geometrical nonlinearity were carried 
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out first. Load-deflection curves in Fig. 3.39 show that DIANA models went further 
than the ABAQUS model. However, simulations of both model terminated before 
the actual full-bridge test which stopped due to punching shear on the lab . 
Particularly, it was found that the fixed crack model stopped earlier than the rotating 
crack model. From the curves, it can be said that the rotating crack model in DIAN A 
traces the actual load-deflection curve very well before it stops. 
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Figure 3.39 Nebraska Bridge (No GN; DIANA) 
Fig. 3.40 and Fig. 3.41 show cracking on slab for the rotating crack model. In 
particular, Fig. 3.42 shows that a band of bottom transverse reinforcement around 
the traffic loading had completely yielded when the imulation topped (inc=8) . 
AI 0, it needs to be noted that only a few reinforcement adjacent to the loading 
have yielded at increment 7 a shown in Fig. 3.43. Thi may how that the 
simulation stopped, because ten ile tres e, could not be tran ferred in the transver e 
direction dut.: to the yielding f reinforcement .. and se ere cracking f the . lab 
J -J 
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around the traffic loading a illustrated III Fig. 3.44. Thi might cau e the 
convergence problem at the last step. 
It needs to be noted that the actual full-scale bridge test also terminated due to the 
failure of LR system caused by punching shear failure . Obviou ly, the DIANA 
model did not simulate the punching shear failure in the actual te t exactly. From the 
simulation results, however, it can be said that the DIANA model stopped due to the 
failure of LR system before it reached its ultimate limit state in a imilar way to the 
actual test. 
In addition, von Mises stresses at the bottom flange of beam are given in Fig. 3.45 . 
It is known that no section point has yielded becau e the maximum von Mi e tre 
(323MPa) is much less than the ultimate strength of steel (452MPa). 
I DIANA 8 .1-~60 : Un! vers I ty of Surrey l S-NOV-2903 11 :O~ nbr11-s I ab7-crk-l c7. tl ff 
MODEL: NBRI 
LC2: LOAO CASE 2 
STEP: 7 LOAD: . 3 93 
GAUSS EL. EKNN I EKNN 
BOTTOM (FIRST> SURFACE 
~IA X/MIN ON MODEL SET: 
~I A )( CI • G74E - 2 MIN III a 
Figure 3.40 Crack on top lab (rotate, No ON, cale=0.3, inc=7) 
- .~~9E-2 
- .225E-2 
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MODEL : WBRI 
LC2: L OAD CASE 2 
STEP : 7 LOAD: .393 
GAUSS EL. EKNN 1 EKNH 
TOP ( L AST) SURFACE 
HAIVMIN ON i'IO DEL SET : 
MAX = .1 17E-l 
MI~J =- 0 
- . 777E-2 
- .399E-2 
Figure 3.41 Cracks on bottom slab (rotate, No GN, scale=O.3 , inc=7) 
MODEL : NBRI 
LC2 : LOAD CASE 2 
STEP: 8 LOAD: .39 8 
CAUSS RE. EP XXL EPYY 
MAXI MIN ON MO DEL SET : 
MA X = . 148E-I 
MIN = e 
RE5UL T5 5HO~N: 
.13'1E-1 
. 121E-1 
. 107E-1 
.9'1E - 2 
.806£-2 
1.671E-2 
1 .537E-2 
1 . 403E-2 
1 .269E-2 
1 .13'1E-2 
1 
Figure 3.42 Yielding of tran ver e reinforcement (rotate, bottom, inc=8) 
Fig. 3.46 shows that cru. hing i not evere on the top lab. Only concrete around th 
loading and . orne , upports wa found to be CIU hed lightly. 
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MODEL: HBRI 
LC2: LOAD CASE 2 
STEP: 7 LOAD: .393 
CAUSS RE. EPXXL EPVV 
MX/MIN ON MODEL SET : 
MX •• 998E-2 
MIN; e 
RESUL TS SHOWN: 
.987E-2 
.817E-2 
. 726E-2 
.635E-2 
.544E-2 
I. ~54E-2 
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1 .272E-2 
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I 
Figure 3.43 Yielding of transverse reinforcement (rotate, bottom, inc=7) 
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Figure 3.44 Equilibrium of Lateral Force (Failure of LRystem) 
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Figure 3.45 von Mi es stresses at beams (bottom flange) 
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Figure 3.46 Crushing on top lab (rotate, inc=7) 
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Crack patterns in Fig. 3.40 and Fig. 3.41 are di played by plotting the normal crack 
strain vector £:,~ at the integration point of the element· u'ing the DISC pti n 
which represents the normal to a vector result. Because a single lin is pI tted in thl: 
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direction of the crack plane, these lines show the crack pattern. Different colors 
represent the magnitude of the crack strain vector. It needs to be noted that the 
length of the crack does not have special meaning. The cracks can be reduced to a 
length that fits nicely in the model display using the scale factor. 
It was found that cracking in the fixed crack model is very similar to that of the 
rotating crack model. Therefore, both of the total strain-based crack models do not 
cause differences in the cracking at least in the Nebraska Bridge model. 
Fig. 3.47 shows load-deflection curves considering the geometrical nonlinearity (GN). 
The models went beyond a point at which the actual full-scale bridge test terminated 
due to shear punching. However, there is no evidence that punching shear failure 
had occurred at the moment when the simulation stopped as can be seen in Fig. 3.48. 
It shows only that reinforcements have completely failed, which does not mean the 
punching shear failure has occurred. 
It can be seen from Fig. 3.49 that simulations made progress even though a band of 
reinforcements had completely yielded (inc=8). It may be because cracking on 
bottom slab in Fig. 3.50 is not enough to stop the simulation compared to that in Fig. 
3.41. The cracking at which the simulation terminated (inc=12) was found to be very 
similar to that in Fig. 3.41 as shown in Fig. 3.51. This indicates that the loss of load 
redistribution is dependent on the cracking as well as the yielding of reinforcements. 
From the above, it can be concluded that suppressing the geometrical nonlinearity 
provides more desirable results as recommended by DIANA manual [l05] in cases 
where a vertical displacement ~ is slightly bigger than a beam thickness t. It 
needs to be noted that the vertical deflection (about 0.12m) of the Nebraska Bridge 
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model is smaller than the beam thickness (lAm). This problem wa addre ed again 
for the present model in chapter 4 (see Fig. 4.2). 
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Figure 3A7 Nebraska Bridge (DIANA, Geometric Nonlinearity) 
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Figure 3A8 Yielding of transverse reinforcement (rotate, bottom, inc= 12, G 
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Figure 3.49 Yielding of transverse reinforcement (rotate, bottom, inc=8, GN) 
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Figure 3.50 Cracking on bottom slab (rotate, inc=8, GN) 
3.5.5 Discussions and Conclusions 
- .159E-2 
- .796E-3 
The actual full-scale bridge te 't ha ' not reached its ultimate limit :tate due t 
punching shear failures. Also, simulations with ABAQU and DIA A terminated 
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earlier than the full-scale bridge test. However, it wa found that DIANA model 
show better results than ABAQUS models. The models traced the load-deflection 
curve obtained from the actual full-scale bridge test very well. Particularly, DIANA 
models showed that simulations on Nebraska Bridge stopped due to the failure of 
LR system caused by yielding of reinforcements around the traffic loading in 
addition to the severe cracking on the slab . Therefore, it can be said that DIANA 
models simulate the Nebraska full-bridge test well. Also thi mean that due 
consideration can be paid to the failure of the LR system of a bridge model. 
iDIANA 8.1-468 : University of Surrey 17-NOV-28S3 21 :20 nlJrll-s J aIJ9-erk-J e12. tiff 
~lODEL: NBRS 
LC2: LOAD CASE 2 
STEP: 12 LOAD: .984 
GAUSS EL. EKNN I EKNN 
TOP (LAST) SURFACE 
MAXIMIN ON MODEL SET: 
MAX c .85E-2 
~IIN • e 
Figure 3.51 Cracking on bottom slab (rotate, inc=12, GN) 
- .567E-2 
- .283E- 2 
In addition, it wa found that re ults from both of total train-ba ed crack model. 
uppre . ing the geometrical nonlinearity are very irnilar. In particular, uppre ing 
the geometrical nonlinearity provided more table re ult in the ca 'e of Nebra:ka 
Bridge model. 
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3.6 Conclusions 
In the first part of this chapter, a numerical bridge model used for the present study 
was developed using an actual composite bridge in the UK. Commercial FE 
programmes such as ABAQUS and DIANA were used for the development of the 
model. According to the DIANA manual which advises against the use of linearly 
interpolated isoparametric elements for nonlinear analysis, quadratically interpolated 
elements were used. In particular, a half model developed considering its symmetry 
greatly contributes to the reduction of required computational time especially in 
DIANA (a PC version). 
In addition, among three 40-tonne vehicle loading given in BD 21, a vehicle loading 
that causes the worst resistance was selected as a reference loading model used for 
the present study. Note that BD 21 specifies that bridges be assessed for their 
capacity to carry 40/44-tonne assessment live loading (40tl44t ALL) and especially 
that girders and slabs that span transversely be assessed using vehicular loading. 
It was also found that the present bridge model which is simply supported is not 
significantly affected by the definition of boundary conditions on the slab instead of 
the bottom of beams. 
In the present study, local failure was not addressed considering the fact that system 
reliability-based bridge assessment is applied to sub-standard bridges. In addition, 
only flexural bending failure was considered as a failure mode for the ultimate limit 
state. As a result, the formation of a plastic hinge mechanism was used as failure 
criteria for the present research. In addition, it was found that the whole bridge 
system may be safe due to punching shear, because the system cannot reach the 
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ultimate state in such a case. Therefore, it would be more proper to exclude such 
cases from the evaluation of the failure probability of a whole system than to 
suppress the punching shear assuming that the LR capacity is perfectly rigid. 
Finally, in order to validate the use of commercial FE programmes such as 
ABAQUS and DIANA in the present study, simulations on the full-scale bridge test 
were carried out. Simulations with ABAQUS and DIANA terminated earlier than the 
full-scale bridge test. However, it was found that DIANA models show better results 
than ABAQUS models. Particularly, DIANA models showed that simulations on 
Nebraska Bridge stopped due to the failure of LR system caused by yielding of 
reinforcements around the traffic loading in addition to the severe cracking on the 
slab. Therefore, it can be said that DIANA models simulated the Nebraska full-
bridge test very well. 
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Chapter 4 
Deterministic Analyses for Intact Bridge 
Model 
4.1 Introduction 
This chapter addresses deterministic analyses which were carried out using DIANA 
and ABAQUS for the actual UK bridge. 
Initially, simulations with DIANA are addressed (section 4.2). The effects of the 
geometric nonlinearity and concrete crack models are also considered. Simulation 
results are then analysed for both a single-lane loading and a two-lane loading. 
Secondly, simulations were carried out using ABAQUS (section 4.3). Several 
approaches to reach ultimate limit states in ABAQUS are addressed, because 
ABAQUS failed to go beyond the ultimate limit states. 
Finally, parametric studies were carried out in order to investigate the effects of 
variation in various parameters on the ultimate strength of a bridge model (section 
4.4). The results will be used for the selection of basic random variables to be used 
for the reliability analyses. 
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4.2 Simulations with DIANA 
4.2.1 Overview 
Simulations are discussed for both a two-lane loading and a single-lane loading in 
this section. Initially, the effects of geometric nonlinearity and concrete con tituti e 
models on the simulations are addressed following the previous chapter. For 
simplicity, the loading due to pavement was not considered. 
4.2.2 Effects of Basic Parameters 
Effects of Geometrical Nonlinearity 
Fig. 4.1 shows that simulations yield better results when the geometrical 
nonlinearity is suppressed. It can be seen that, for the displacement range of overlap, 
there is little difference between the two situations. This suggests that it i not 
necessary to include geometric nonlinearity in modelling this bridge a addre sed in 
section 3.5.4. 
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Figure 4.1 Load-deflecti n curve (r tating. Th renfeldt) 
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Consideration of the geometrical nonlinearity cause imulation to top around the 
point 'A' even for the fixed crack model as shown in Fig. 4.2. Therefore the 
geometrical nonlinearity was suppressed in the present study. 
-- DIANA ( GN , fixed) 
-- DIANA t GN, rotating) 
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Figure 4.2 Fixed vs. Rotating crack model (ON, Thorenfelt) 
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Figure 4.3 Comparison of crack model ' in DIA A 
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Effects of Concrete Crack Models 
Fig. 4.3 shows load-deflection curves obtained using three different concrete crack 
models. The decomposed strain-based crack model top at the very earl tage. It 
may be due to convergence problem as described before (see Table 2.6). 
On the other hand, the curves obtained from both the total strain-ba ed crack model 
are very similar, as shown in Fig. 4.3. Both the rotating model and the fixed model 
reach their ultimate limit states at the same time (inc=32). The difference in the 
ultimate strength between two models is only about 0.1 %. The rotating model how 
a slightly bigger value, but it can be said that this is negligible. Their failure points 
are very similar as well. 
Also, the crack patterns of the fixed crack model in Fig. 4.4 are very imilar to tho e 
of the rotating crack model in Fig. 4.28. 
In order to display the crack patterns, the normal crack strain vector £;,~ m the 
integration points of the elements was plotted using the DISC option which 
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Figure 4.4 Crack pattern: on top , lab for the fixed crack m del (inc = 32) 
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represents the normal to a vector result. Because a single line i plotted in the 
direction of the crack plane, these lines show the crack pattern. Different color 
represent the magnitude of the crack strain vector. In addition, the red box indicate 
the zoomed area for Fig. 4 .5 and Fig. 4.6. 
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Figure 4.5 Crack patterns on bottom slab (Zoom In, inc = 32; rotating crack model) 
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Figure 4.6 Crack patterns on b Hom slab (Zoom In. inc = 32: fixed era k model) 
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Fig. 4.5 and Fig. 4.6 are enlarged crack pattern for the fixed and the rotating crack 
models, respectively. It can be seen that crack are represented at each integration 
points (2x2) and the cracks occur in a single direction at an integration point in the 
current model even in the case of the fixed crack model. It would appear that there i 
little difference between the rotating and the fixed crack model at lea t in the pre ent 
model. However, the rotating crack model will be used in the present tudy, becau e 
it is said that it is well suited for reinforced concrete structures as mentioned in an 
earlier chapter (see section 2.7.2). 
Effects of the Compressive Behaviour of Concrete 
Comparison between the results using Ideal and the Thorenfeldt compre i ve model 
of concrete are given in Fig. 4.7. Interestingly, there is no 'snap-through in the ideal 
model even though all the beams have already yielded «(Y/II = 263MPa, ee Table 
3.3) as shown in Fig. 4.8. 
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Figure 4.7 Ideal v'. Thorenfeldt (compre'i e m del) 
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Figure 4.8 von Mises stress at beams (top flange , inc=61 ) 
Since reliability analyses in the present study evaluate the re i tance RSF u ing the 
variation in the ultimate strength due to changes in the random variable , it would be 
desirable for the response to show distinctive ultimate limit strength. For that rea on, 
and because it is physically more reasonable, the 'Thorenfeldt' model was adopted 
in the present study. 
4.2.3 Results for Two Lane Loading 
Yielding of Steel Girders 
The load-deflection curve in Fig. 4.9 indicates that the simulation u ing DIANA for 
the two-lane loading has reached its ultimate state. A contour plot of the von Mi e 
tre e in the top flange of the beam in Fig. 4.10 indicate all the beam ha e 
completely yielded. An x-y plot of the von Mi e tre e at the middle element of 
the outer beam in Fig. 4.11 al 0 how that all the ection point at the b am ha e 
completely yielded at increment number 51. Thi the failure point, u, the 
formati n of a plastic hinge mechani ' m was defined a. failure criteria f a bridec 
system in the present study (see section 3.4.2). Intere., tingly. the pint i. far beyond 
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the ultimate limit state (increment No. 32) a can be een in Fig. 4.9 , which mean 
the load-carrying capacity begins to diminish even before all the beam ha e 
completely yielded as can be seen in Fig. 4.13 (note that the maximum value i 
smaller than 0.263E9). It can be seen that the ultimate strength of the pre ent model i 
about 32 times the 40t vehicle ALL. Input files for DIAN A are attached in Appendix 1. 
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Figure 4.9 The variation of the load factor with the defection of the slab centre 
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Figure 4.10 Von Mises stresse · in the beams (top flange. inc= 1) 
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Figure 4.11 Von Mises stress at middle of outer beam (at increment 81) 
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Figure 4.12 Von Mi es tres e in the beam (top flange, inc=51) 
It can be en from Fig. 4.11 that yielding of a tee I girder begin. at the bottom 
flange and advances to the top flange ia the web. Ala, compari on between Fig. 
4.10 and Fig. 4.12 indicate' that the yielding of the girder pr pagates in the 
longitudinal direction. 
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Figure 4.13 Von Mises stresses in the beams (mid-web, inc=32) 
In addition, Fig. 4.13 shows that the beam yielding occur at the centre of the bridge 
first, and then spreads outward. 
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Yielding of Reinforcements 
Complete yielding of steel girders indicates that load can be tran ferred ucce full 
to the neighbouring girders after the failure of a girder. Thi implie that the failure 
of the load redistribution (LR) system has not occurred at all. 
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Figure 4.15 Stresses in bottom transverse reinforcements (inc=51) 
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Figure 4.16 Plastic strain in the top longitudinal reinforcements (inc=32) 
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Fig. 4.14 shows that no transverse reinforcement around traffic loading ha ielded 
at the ultimate state, because the maximum value (524MPa) i maller than it 
ultimate strength (529MPa). Fig. 4.15 shows the yielding begins at the failure point 
(inc=51), which also shows the integrity of the LR system was su tained to the end. 
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Figure 4.17 Numeric plot of plastic strain in the top reinforcements (xx, inc=32) 
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Figure 4.18 Plastic strain of top longitudinal reinf rcement (x ,inc=51 ) 
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Fig. 4.16 shows that some of the longitudinal top reinforcement around traffic 
loading have yielded at the ultimate state . A legend in the figure i confu ing. At fir ' t 
sight it suggests that reinforcements all over the slab had completely yielded. 
However, it was found from Fig. 4.17 that most part of yellow colored area 
correspond to a zero value. 
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Figure 4.19 Plastic strain of bottom longitudinal reinforcements (xx, inc=51) 
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Figure 4.20 Cracking on bottom slab (inc=3 ) 
4- 13 
Univer ity of Surrey Chapter 4. Deterministic Analyses for Intact Bridge Model 
Fig. 4.18 how that more reinforcement have yielded due to compre ive force a 
the simulation advances. Further, some bottom reinforcement have al 0 yielded a 
shown in Fig. 4.19 when the whole structure reaches its failure point (inc=51). 
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Figure 4.21 Cracking on bottom slab (inc=7) 
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Figure 4.22 Cracking on bottom slab (inc=32) 
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Cracking of the Slab 
Cracking on the slab begins to occur at a very early stage as can be een in Fig. 4.20. 
Cracks progress rapidly as the simulation proceeds. The process of cracking on the 
bottom slab is illustrated from Fig. 4.20 to Fig. 4.23. 
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Figure 4.23 Cracking on bottom slab (inc=51) 
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Figure 4.24 Cracking ' tatu. n bottom slab (inc=51) 
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From the above, it was known that cracking occur transver ely in the beginning, 
caused by transverse bending. However, cracks caused by longitudinal ten ile 
stresses are increasing at the centre of the slab as the simulation advance a can be 
seen in Fig. 4.22. In addition, comparison between Fig. 4.22 and Fig. 4.23 indicate 
that the number of crack on the bottom slab do not increase rapidly after the ultimate tate. 
Fig. 4.24 displays the cracking status on the bottom slab in a different way. Crack 
status in Fig. 4.24 can be identified according to their colors as follow : 
Pink: fully open, active 
Light blue: fully, open, inactive 
Dark blue: closed 
The meaning of crack status used in DIANA is illustrated in Fig. 4.25. 
Label description 
(none) uncracked 
0 fully open, active 
O! fully open, inactive 
o 
C partially open, active 
C! partiall y open, inacti ve 
E! closed 
Figure 4.25 Crack status labels - linear ten ion softening [105] 
It i e timated that lateral crack (i.e. running acro lab) at the centre of the bottom 
slab shown in Fig. 4.24 and Fig. 4.25 are cau ed by the movement of the neutral a i, 
as the 'teel girder. begin to yield a hown in Fig. 4.26. The locati n of pIa. tic 
neutral axis is consider d to be above the bottom slab (secti n pint 9). In addition, 
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some cracks are closed again after the ultimate tate a loading reduce. Thi may be 
because the neutral axis shifts downward again due to the cru hing of the lab. Thi 
can be identified from Fig. 4.27 which shows there is no lateral crack at the centre of 
the slab in the case of section point 7. 
1 
. 
I I • 
Plac;;tic Neutral 1 
. 
Ela~tic Neutral A I~ 
I I 
Figure 4.26 Shift of neutral axis 
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Figure 4.27 Cracking on lab (SP 7, inc=32) 
racking on the top lab at the ultimate tate (inc=32) i given in Fig. 4.28. It wa 
~ und th t r king n th top lab i cau d mainly by tran er ten ion tre 
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Figure 4.28 Crack patterns on top slab (inc = 32) 
Crushing of Slab 
Below, the progressive process of crushing of the slab is illustrated by plotting 
plasticity status. Red triangles in figures indicate that the elements are cru hed. 
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Figure 4.29 Statu, of plasticity (crn hing) of t p lab (inc=19 ) 
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Figure 4.30 Crushing of top slab (inc=25) 
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Figure 4.31 Crushing of top slab (inc=31) 
Crushing begin at the top urface ( ection point 1) of the lab around the point 
traffic loading as shown in Fig. 4.29. Cru ing occur, at increment number 19 for the 
first time. A, traffic loading increase, the cru hing propagate to the neighbouring 
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area as shown in Fig. 4.30 to Fig. 4.32. Blue triangles in Fig. 4.32 indicate a tatu of 
elastic but previously plastic. It is believed, however, that the blue triangle may 
indicate the status at which residual strength of concrete has completely dimini hed 
due to the crushing rather than indicating recovery of elasticity. 
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Figure 4.32 Crushing of top slab (inc=51) 
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Figure 4.33 Crushing of bottom lab (inc=32) 
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Figure 4.34 Crushing of bottom slab (inc=51 ) 
In addition, it is known from Fig. 4.33 that crushing has not occurred at the bottom 
slab at the ultimate state (inc=31) as the value associated with triangle is zero. Fig. 
4.34 shows that crushing has also reached the bottom slab at the point at which a 
plastic hinge forms at the steel girders (inc=51). 
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Figure 4.35 Load-detlecti n curve before and after application f pavement l ading 
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Application of Pavement Loading 
For simplicity, the pavement loading has been suppressed up to now. Fig. '+.35 
shows that the progressive failure process of the present bridge model is not affected 
by the incorporation of the pavement loading. It shows the resistance of the bridge 
model is reduced due to the increase of the dead load. The model including the 
pavement loading will be used for further studies. 
Concluding Remarks for Two-lane Loading 
Simulations for two-lane loading have reached the ulimate limit state without the 
failure of the LR system. It was found that all the beams have completely yielded 
and severe cracking and crushing have occurred on the slab. However, reinforcements 
still remain elastic even at the ultimate state. Furthermore, it was found that 
simulations yield better results when the geometrical nonlinearity is suppressed. In 
addition, both of total strain-based crack models show very similar responses. 
4.2.4 Results for a Central Single-Lane Loading 
Fig. 4.36 shows a load-deflection curve for a single truck loading which is applied to 
the centre of slab. It was found that the initial stiffness is different from the two-lane 
loading case. This is because the location of the loading points differs while the 
deflection is evaluated at the same point (the slab centre). The loading is more 
localised in the single-lane loading. It can be seen that the simulation goes past the 
ultimate limit state (inc=53). 
It should be noted that the truck loading is located on a beam in this model. It can be 
seen from Fig. 4.37 that the bottom transverse reinforcements around the truck 
loading have already yielded at the ultimate state (inc=53). Also, cracking on the 
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bottom of the slab is severe at the ultimate tate a hown in Fig. 4.38 (compare with 
Fig. 4.22). It is interesting that the simulation goe further in pite of evere cracking 
on the bottom slab and yielding of the transverse reinforcement . 
-- two lane loading 
-- one lane loading 
::J 
;;i, 
CD 
'0 
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...J 
~~----.------r-----.------r-----~----~----~ 
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0.6 0.8 12 
Oef\ection(m) 
Figure 4.36 Load-deflection curve for single central loading 
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It wa found that an element of a beam between two point load has yielded at the 
final increment (inc=67) as shown in Fig. 4.39. It can be identified from Fig. 4.40 
clearly that a plastic hinge has formed between two point load. The formation of the 
plastic hinge may have caused the LR system of this model to fail in combination 
with yielded reinforcements and cracking on slab. 
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Figure 4.38 Cracking on bottom of the slab (inc=53) 
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Figure 4.39 Von Mises . tresses in the top flange f beams (inc=67) 
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Figure 4.40 Zoom in on the yielded area of beam (inc=67) 
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Figure 4.41 Mechanism of the falure of LR system 
From the above, it can be found that the simulation has not reached the po ition 
where all the beams have yielded fully even though an ultimate load had already 
been obtained. A pIa tic hinge ha formed only for one beam a can be een in Fig. 
4.40. The main rea on for the termination of the imulation could be the failure of 
LR 'ystem. Fig. 4.41 show chematically the mechani m of the failure of the LR 
system. In Fig. 4.41, ties corre 'pond to cro beam. in the pre 'ent bridge m d 1. Th 
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failure of plate (slab) occurs first, and then the simulation tops a oon as a rod a 
steel girder) just below a load has yielded. It is because load P cannot be tran ferred 
to the neighbouring parts due to the yielding of rods and the failure of the plate. 
However, it would seem that it is reasonable to assume that global failure ha 
occurred in the bridge, because the simulation has already pa sed beyond it 
ultimate state. Furthermore, the simulation may go further if the punching hear of 
slab could be simulated properly. Therefore, the bridge model is con idered to have 
completely failed for the central single-lane loading in the pre ent tudy. 
Fig. 4.42 shows the cracking on the bottom of the slab at the final increment. It can 
be seen that cracking is slightly worse than the ultimate state in Fig. 4.38 . Cracking 
on the top of the slab at the ultimate state is given in Fig. 4.43 and and at the final 
state in Fig. 4.44. 
10IANA B .1-460 : Unl varsity of Surray 
MODEL: aSNCC - 4 
LC2: LOAD CASE 2 
STEP: 67 LOAD: 1.97 
GAUSS EL. EKNN 1 EKNN 
SURFACE 9 
MAXIMIN ON HODEL SET: 
MIIX • • 11 5E-l 
MIN · 0 
lB-NOV-2003 22 :57 Bsngc-s I ab9- crk-1 c67 . tI f f 
- .769E-2 
- .38~E-2 
Figure 4.42 Cracking on bottom of the lab (inc=67) 
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IDIAHA 8.1-469 : University of Surrey 
MODEL: eSNCC-4 
LC2: LOAD CASE 2 
ST EP, 6a LO ~D ' 1.48 
CAUSS EL . EKNN 1 EKNN 
SURFACE 1 
MX/MIN ON MODEL SET: 
MAX D .844E-2 
MIN = e 
~ 
IH~ 
~ 
'. 
IS-HOY-28S3 22 :59 8sngc-slabl-crk-1 c53. tl ff 
III v. 
- .563E-2 
- .281E-2 
Figure 4.43 Cracking on top of the slab (inc=53) 
i DIANA 8.1-460 : Un i vers i ty of Surrey 18-NOY-2003 22: 58 8sngc-slabl -crk- lc67.tiff 
MODEL' 8SNGC-4 
LC2: LOAD CASE 2 
STEP: 6 7 LOAD: 1.37 
CAUSS EL. EKNN 1 EKNN 
SURFACE 1 
MAX/MIN ON MODEL SET: 
MAX ~ • 1G~E- l 
MIN · 0 
- .11E-l 
- .549E-2 
Figure 4.44 Cracking on top of the lab (inc=67) 
Fig. 4.45 shows that crack on the top of the lab are till open at the final increment. 
Some crack. are active, but other ' are inactive a illu ' trated in Fig. 4.25. On the 
other hand. significant crushing has occurred around the traffic loading on top . lab 
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as can be seen in Fig. 4.46. Crushing progresses along rno t of the top lab at the 
point of termination of the simulation as shown in Fig. 4.47 . It i conjectured that the 
direction of crushing on the slab is different to that of cracking of the slab. 
!OIANA 8.1-468 : Un! verst ty of Surrey 31-0EC-2883 81 :41 8s ngc-s 1 ab1- cr k- sy.-l c67. tIff 
MODEL: eSMGC-B 
LC2: LOAD CASE 2 
STEP: 67 LOAD: I. 37 
GAUSS EL. STCRI STCRCK 
BOTTOM (FIRST) SURFACE 
MAUMIN ON MODEL SET: 
MAX • 2 MIN · -a 
SYMBOL FACTOR D I 
ll. ALL VALUES 
Figure 4.45 Cracking status on top of the slab (inc=67) 
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Figure 4.46 eru. hing on top of the . lab (inc=53) 
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IDIANA B.1-460 : University of Surrey lB-NDV-2BB3 23:B4 Bsngc-slabl-p las-lc67.t1ff 
HODEL : 8SNCC-4 
LC2 : LOAD CASE 2 
STEP: 87 LOAD: 1. 37 
CAUSS EL . STPLS STPL AS 
SU PF AC E I 
HAX/PUN OM HODEL SET : 
MAX • 1 MIN' - 1 
SYMBOL FACTOR • I 
/). ALL VAL UES 
Figure 4.47 Crushing on top slab (inc=67) 
Fig. 4.48 shows that crushing propagates to the bottom slab of the bridge model at the 
point of termination of the simulation. It needs to be noted that lateral crack on the 
middle of the bottom slab were closed (dark blue color) as shown in Fig. 4.49. 
IOI AHA ' .1 - 4&0 : Un I ¥If't'~'" Qr $ur-r~u 18-'U)\l-~OOJ l3 :0'S &t.ngt-alib'3; p l .-61.tlff 
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Figure 4.4 Crushing on bottom slab (inc=67) 
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tDIANA 8 . 1-460 : Unt verstty of Surrey 
HODEL: 88NCC-8 
LC2: L OAD CASE 2 
STEP: S7 LOAD: 1 .37 
GAUSS EL . STCRI STCRCK 
TOP (LAST) SURFACE 
MAX/M I N ON MODEL SET: 
MAX ; 2 MIN = -3 
SYMBOL FACT OR • 1 
/),. ALL VA LUES 
31-0EC-2003 82 :12 8sngc- slab9- crk -sy_- 1 c67 . t t fr 
Figure 4.49 Cracking status on bottom lab (inc=67) 
4.2.5 Results for an Eccentric Single-Lane Loading 
Only one of the two trucks (the left one) in Fig. 3.17 was applied to the bridge in thi 
case. Since the eccentric truck loading is not symmetric about the middle of the 
bridge, the half model could not be used any more. Instead, a full model was used. 
The simulation was stopped forcibly, because it took too long (141 hours) on the 
personal computer (PC) used in the present study. The load-deflection curve is given 
in Fig. 4.50 for an eccentric single-lane loading. Interestingly, the stiffness i imilar 
to that of two-lane loading model and bigger than that of a central ingle-lane 
loading. It would seem that the stiffness of a curve is dependent on the po ition of 
loading relative to a point where deflection i evaluated. The curve indicate that the 
simulation ha reached it ultimate tate at increment 44. 
Fig. 4.51 , how the deformed hape of the model. Fig. 4.52 and Fig. 4.53 how that 
the bottom flange and the web of beam around truck loading have yielded. 
However, Fig. 4.54 shows top flange in the middle of the bridge ha.' not yielded ye t. 
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Figure 4.50 Load-deflection curve for eccentric single-lane loading 
I DIANA B .1-468 : Un Ivers L ty of Surrey 3-JAN-2004 12: 26 Bsnge-def -a- I cl0l. ti ff 
MODEL: 8SNGE-5 
LC2: LOAD CASE 2 
STEP: 101 LOAD: 1.19 
NODAL TDTM .•• G TDTZ 
MAM/MIN ON MODEL SET: 
MAM ; 1. 58 
MIN E -.148E-I 
FACTOR = I. 9G 
Figure 4.51 Deformed shape (inc= 101) 
Fig. 4.55 illu trate the yielding of a beam. It need to be noted that yielded t p 
flange of a beam in Fig. 4.54 i ubject to compre Ion a illu'trated in Fig 4.55. 
Also, it shows that yielding of a beam begin ' to occur at the b ttom flange and 
advances upward. 
4-31 
University of Surrey Chapter 4. Deterministic Analyses for Intact Bridge Model 
lDIAHA 8.1-468 : Un! vers t ty of Surrey 19-HOV-2883 18 :32 8snge-bea.5-1 c44. tiFF 
HODEL: BRS-S 
LC2: LOAO CASE 2 
STEP: 44 LOAO: 1.2 
G~USS EL . SEO. S SED 
SURFACE S 
MA~/MIN ON MODEL SET: I 
MAX = .2S3E9 II MIN = . 333Ea 
RESUL TS SHO~IN: 
MAPPED TO NODES 
= 
-I 
1 .242E9 
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I .117E9 
Lx 1 .96E8 I .751£8 1 .542E8 
I 
Figure 4.52 Von Mises stresses in the beams (inc=44, bottom flange) 
I DIANA 8.1-460 : Un I vers I ty of Surrey 19-NOV-280J 18: 36 85nge-baa.26-1 c44 . tl ff 
~IOOEL: 8R5- S 
LC2: LOAD CASE 2 
STEP: 44 LOAO: 1.2 
CA USS EL. SEQ. S SEQ 
SURFACE 26 
MAXIMIN ON MODEL SET: 
MA~ •• 289E9 
~IIN ~ .47E7 
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I 
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.216E9 
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Figure 4.53 Von Mi es stres e in the beams (inc=44, web) 
Fig. 4.56 aJ 0 show progre. ive yielding of beam. In the figure, the 'ection point. 
of the beam. in the. haded area have yielded. Yielding of the beam· begin at beam. 
below the loading and advance. outward. 
4-32 
University of Surrey Chapter 4. Deterministic Analyses for Intact Bridge Model 
IDIAHA 8.1-46B : Un I vel's I ty of Surrey 19-NOU-2S83 18 :41 8snge-beau4-1 c44. tl fF 
MODEL: BR5-S 
LC2: LOM CASE 2 
STEP: 44 LOAD: 1.2 
CAUSS EL. SEQ. S SEQ 
SURFACE 14 
MAXIMIN ON MODEL SET: 
MAX a .2S3E9 
MIN - .898E7 
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Figure 4.54 Von Mises stresses in the beams (inc=44, top flange) 
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Figure 4.55 Simplified illustration of the yielding of beams (longitudinal) 
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(inc=44) 
yielded area 
(inc=IOl) 
Figure 4.56 Simplified illustration of the yielding of beam. (transverse) 
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Fig. 4.57 shows that yielding in the beams spreads even though the magnitude of 
loading remains almost constant. It shows that even beam out of eight hav 
completely yielded. Therefore, it is estimated that plastic hinge would have been 
formed for all the beams if the simulation had not been forcibly topped. 
iDIANA B .1-468 : Un i vers i ty of Surrey 19-NOV-2eS3 11 :26 Ssnge-bea.14-1 cl0l. t 1 fr 
MOOEL: BR6-6 
LC2: LOAO CASE 2 
STEP: 101 LOAD: 1. 19 
GAUSS EL. SEQ. S SEO 
SURFACE 14 
r1RVllIN ON MODEL SET: 
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Figure 4.57 Von Mises stresses in the beams (inc= 101, top flange) 
Cracking on the top of the slab is given in Fig. 4.58 and Fig. 4.59. It can be een that 
lateral cracking occurred at the part away from the loading. It shows that cracking 
becomes worse as the simulation progresses. 
On the other hand, cracking on the bottom of the lab occurred everely below the 
traffic loading a can be een in Fig. 4.60. A the imulation advance, cracking 
spread almo t all over the bottom of the lab a hown in Fig. 4.61. In particular, 
lateral cracks below the traffic loading how that the neutral axi rno ed upward a: 
discussed ab ve (see Fig. 4.26). 
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MODEL; BR5-S 
lC2; lOAD CASE 2 
STEP; 44 LOAD; I. 2 
CAUSS EL. EKNN I EKNH 
SURFACE 1 
MAX/HIN ON MODEL SET; 
I1AX • • 923E-2 
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, llliillillmillillillm: .615E-2 l .30BE-2 
Figure 4.58 Cracking on the top of the slab (inc=44) 
MODEL; BR5-5 
LC2: LOAD CASE 2 
STEP: 101 lOAD: 1.19 
CAUSS EL. EKNN I EKNN 
SURFACE 1 
NAX/MIN ON NODEl SET: 
MX • • 99E-I 
MIN . 0 
, ~~~~ -.26E-1 Lfm -.13E-1 
Figure 4.59 Cracking on the top of the lab (inc= 1 0 1) 
In addition, cru. hing of concrete on the lab i given in Fig. 4.62 and Fig. 4.63. It 
was found that cru ' hing got worse a the imulation pr ceeded. Cru:hing at 
increment 44 is less severe than in the figure: for increment 101. 
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HODEL: SR6-S 
LC2: LOAD CASE 2 
STEP: 4 4 LOAD: 1.2 
GAUSS EL . EKNM I EKHN 
SURFACE 9 
111\)(/"1" ON ~DDEL SET : 
MAX = • S32E-2 
MI N. 0 
•~~~-'~4E_2 - .271E-2 
Figure 4.60 Cracking on the bottom of the slab (inc=44) 
I DIANA 8.1- 468 : Un i vers I ty of Surrey 19-NOV-2S83 15 :12 8snge- s l ab9 - crk- l cIS1. tiff 
MODEL: SR6- 6 
LC 2 : LOAD CASE 2 
STEP: 101 LOAD: 1'19!!ml~s~~i1~11~!~~~III~~~~~fj~i GAUSS EL. EKNN I EKNN URFACE 9 
MAXIMIN ON MODEL SET: 
~IAX • • 26 7E-I 
MIN . a 
Figure 4.61 Cracking on the bottom of the lab (inc=lOI) 
.111E-l 
. 957E-2 
Fig. 4.64 plot the pIa tic train of lower tran ver e reinforcement. It how ' that no 
ten. ile reinforcement around loading have yielded, which indicate that the failure 
of the LR . Y tern has not occurred. Yielding of the reinforcement at increment 44 i, 
als less severe. 
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KOOEL : BR15- 5 
LC2: LOAD CASE 2 
STEP: 101 LOAD: 1.19~~~H~!ij~!~H~!ijij!~H~!§tE~EEtitl CAUSS EL. STPLS STPLAS SURFACE I 
MXlKI N ON KDDEL SET : 
KAX = I MIN = - I 1'H--j-t-+-H-t-H-++-H--j-H--H-t-I-++++--I-++-++++-1H-+-+++-+-I-+.J.4~ 
SYM BOL F AC TOR a I 
ALL VAL UES 
Figure 4.62 Crushing on the top of the slab (inc=lOl) 
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Figure 4.63 Crushing on the bottom of the slab (inc=lOl ) 
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The procedure of progre ive failure of the bridge model for the eccentric ingle-
lane loading can be illu trated chemetically a hown in Fig. 4.65. Load P i. 
resisted mainly by four rods (repre nting four girder ') clo e to the load (r gi n A). 
As a result. four rods around load P begin to yield. After the four beam ' cann t 
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resist any more load, beams in region B fail successively. 
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Figure 4.64 Yielding of lower transverse reinforcements (yy, inc=lOl) 
Initial failure of beams successive failure 
.... V-- R ,. ods 
Plate 
P P 
A + B 
Figure 4.65 Progressive failure of beams (eccentric loading) 
4.2.6 Comparison of Lateral Capacity with Nebraska Bridge 
It i interesting that the lateral capacity (the LR y tern) of the pre ent mod I IS 
bigger than the Nebraska Bridge, with it · narrower , lab. The pre ent m del re i. t 
truck I ading until th simulation reache: it: ultimate 'tate while the 
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Bridge does not. Major factors that may affect the lateral capacity of bridges are 
compared for both bridge models in Table 4.1. 
Table 4.1 Comparison of Factors 
Factors Nebraska Bridge Present Model 
Girder Spacing 3.00m 2.20m 
Girder Height 1.40 m 1.24 m 
Slab Thickness 19.0 cm 25.0 cm 
Lateral Reinforcement Ratio 0.22% 0.767c 
It can be seen that the lateral capacity of the slab relative to girders (e.g. ratio of slab 
thickness to the height of girder) of the present model is bigger than that of 
Nebraska Bridge. Furthermore, spacing between girders in Nebraska Bridge is much 
bigger than that of the present model. In addition, the present model has 
significantly more lateral reinforcements than the Nebraska Bridge. In summary, it 
can be said that factors such as stiffness of slab relative to girders, girder spacing 
and lateral reinforcement ratio may affect the lateral capacity (the capacity of the LR 
system) of a bridge system. 
4.2.7 Concluding Remarks for Single-Lane Loading 
For a central single-lane loading, it was found that the simulation has reached its 
ultimate limit state even though it terminates due to the failure of LR system before 
it totally collapses. However, it would be more reasonable to assume that global 
failure has occurred in the bridge, because the simulation had already passed beyond 
its ultimate state. 
It was found that an eccentric single-lane loading causes beams to fail progressively. 
In the beginning of the failure, beams away from the eccentric loading do not greatly 
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contribute to resist the loading. As a result, the ultimate strength of the present 
model for the eccentric loading is much smaller than that for the central loading as 
can be seen in Fig. 4.50. 
Finally, comparison of the simation with Nebraska full-scale bridge test shows that 
factors such as stiffness of slab relative to girders, girder spacing and lateral 
reinforcement ratio may affect the lateral capacity (the capacity of the LR system) of 
a bridge system. 
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4.3 Simulations with ABAQUS 
Unfortunately, it was not possible to reach the ultimate tate u mg ABAQUS 
although a great deal of effort had been made. In fact , all the po ible method 
available in ABAQUS had been tried to get the ultimate strength. 
It would seem that it is difficult to address all of them in detail in thi the i . It i 
beyond the workscope of the present study. However, some important trial to olve 
the problems are introduced briefly to assist other researcher. It need to be noted 
that the modelling techniques discussed in section 3.3 were u ed in the following 
examples. 
4.3.1 Premature Termination 
Fig. 4.66 shows that a simulation using ABAQUS terminates prematurely even for 
the two-lane loading before it reaches its ultimate limit state. 
-- DIANA (rotating) 
--- ABAQUS 
35 
::J 
-J 
Q) 
'0 
:2 
Q) 
> 
5 
~ 
~ 
~ 
co 
LL 
-0 
tV 
0 
....J 
0." 0.6 0.8 1.2 
Deflection (m) 
Figure 4.66 ABAQUS '. DIANA 
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A contour plot of von Mises stresses at section point 3 (top flange) in the steel beam 
is given in Fig. 4.67. Also, Fig. 4.69 shows an X-Y plot of von Mi e tre e at fi e 
section points of an element (element number 10026) located at the middle of the 
outer beam. It can also be found that the bridge model has not completely yielded 
yet. Only four section points out of five have reached their yielding point a hown 
in Fig. 4.69. Compared to DIANA models, it is evident that the ABAQUS model 
terminate prematurely before they reach their limit states. 
S, Mises 
Multiple section points 
(Ave. Crit : 75%) 
_ +2.351e+08 
+2.155e+08 
+1.95ge+08 
f- +1.764e+08 
+ 1.568e+08 
+1.372e+08 
+1.176e+08 
+9.806e+07 
+7.84ge+07 
+5.8919+07 
t3.933e+07 
+1.976e+07 
+1.828e+05 
tvIax +2.3519+08 
at elem 21002 node 2273 
Min +1 .828e+05 
at elem 10251 node 4649 
8 beam bridge model 
ODB: job-1.odb ABAQUS/Standard 6.3-1 Wed Oct 08 21 :51 :43 BST 2003 
Step: Step-2, for STEP 2 
Increment 79: Step Time = 0.7316 
Primary Var. S, Mises 
Deformed Var. U Deformation Scale Factor. +1.oo0e+OO 
Figure 4.67 Von Mises stresses in the top flange of the beams at termination 
*WARNING: THE SOLUTION APPEARS TO BE DIVERGING. 
*NOTE: THE INCREMENT WILL BE ATTEMPTED AGAIN WITH A TIME INCREMENT OF 
2.74658E-05 
*ERROR: TOO MANY ATTEMPTS MADE FOR THIS INCREMENT: ANALYSIS TERMINATED 
Figure 4.68 Me ', ag file of an ABAQUS model 
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The final part of the message ( .msg) file of the ABAQUS model i gi en in Fig. 4.6 . 
It says the analysis stops because ' too many attempts were made for the last 
increment' . 
C---€I S:Mises SP:11 E: 10026 
L---":' S:Mises SP:3 E: 10026 
c---;:' S:Mises SP:6 E: 10026 
~ S:Mises SP:7 E: 10026 
c---"; S:Mises SP:8 E: 10026 
XMIN 1.000E-t<JO 
XMAX 1.732E-t<JO 
YMIN 8.724E-t<J5 
YMAX 2.632E-t<J8 240.00 
200.00 
t\1 
-; 
o 160.00 
'0 
Q) 
u:: 120.00 
E 
e 
LL 80.00 
40.00 
0.00 
1.00 1.20 1.40 
Time 
1.60 
Figure 4.69 Von Mises stresses at termination (El: 10026, middle of outer beam) 
According to HKS (Hibbitt, Karlsson & Sorensen, Inc) technical support document 
[109], premature termination of the analyses may be caused by several reason uch 
as global instabilities, local instabilities and so on. 
4.3.2 Riks Method 
Structural collap e or buckling may cau e global in tabilitie where the load-
di. placement curve how a negative tiffne and train energy i relea ed t 
remain in equilibrium. In ABAQUS, the modified Rik method i recommended to 
tackle the global instabilities of a mod 1 [104, 109]. 
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It would seem that the modified Riks method is very similar to the Arc-length 
method in DIANA. However, the Arc-length method is combined only with the 
Newton-Raphson iteration method in the modified Riks method in ABAQUS [104] 
and it is not possible to combine with the Constant Stiffness method as in DIANA. 
One of the potential pitfalls of the modified Riks algorithm is that it shows 
convergence problems for severe nonlinear load-displacement paths. In that case, the 
modified Riks algorithm reduces the arc length significantly to traverse the complete 
curve. As a result, it is not able to make progress or continue tracking the curve past 
a certain point [11 0]. 
The application of the modified Riks method to the present bridge model did not 
provide a good result, either. The simulation also terminated prematurely before it 
reached the ultimate state. The load-deflection curve was almost identical to Fig. 
4.66. The Line Search method did not provide a better result, either. 
4.3.3 'STABILIZE' Option 
The yielding of steel girders occurs progressively in the present model as mentioned 
above. Loads that have been supported by the yielded girders are distributed to 
neighbouring girders, which may cause local instabilities. This can also happen at 
the onset of local damage in the concrete. In order to tackle the problems due to 
local instabilities caused by a local transfer of strain energy from one part of the 
model to neighbouring parts, the * STATIC, STABILIZE option is given in 
ABAQUS [104]. 
The STABILIZE parameter triggers an automatic mechanism for stabilising unstable 
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quasi-static problem by adding volume-proportional damping to the model. Vi cou 
forces Fv = eM * v are added to the global equilibrium equations [I 04]. 
where, M * is an artificial mass matrix and e is a damping factor v = 6.u/6.{ i the 
vector of the nodal velocities. Since the damping may affect the olution In an 
undesirable way, it is necessary to ensure that the viscous force does not dominate 
the solution [104]. 
-- ABAQUS(static) 
-- ABAQUS(statlc, stabilize) 
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Figure 4.70 Application of STABll.IZE option (ABAQUS) 
Unfortunately, it was found in the present model that the olution affected 
ignificantly by the vi cou force occurred by the use of the STABILIZE option a 
can be een in Fig. 4.70. The load factor (31.8) of a imulation u ing the option i 
considerably bigger (about 8.2%) than that (29.4) of a imulation without u ing the 
option. The di. cr pancy i ' due to vi 'cou' force cau 'ed by the STABILIZE ption. 
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Viscous forces are given in Fig. 4.71. Furthermore, an important thing i that the 
analysis was not extended by using the STABILIZE option. In ummar, the 
STABILIZE option does not provide desirable solutions, either. 
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C~ VF:VF2 N : 1228 
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Figure 4.71 Viscous Forces 
4.3.4 Effects of Concrete Constitutive Models 
2.00 
The isotropic damage model in ABAQUS which is available in version 6.3 wa al 0 
a sessed. Fig. 4.72 shows load-deflection curves obtained from ABAQUS model . 
The i otropic damage model show a more stable behaviour than the meared model. 
Intere tingly, it topped ju t before its ultimate limit state. Fig. 4.73 how that mo t 
beam, have reached their ultimate limit state . It i e timated that the i otropic 
damage model how more table behaviour becau e ten ion tiffening doe not 
vanish in the m del a shown in Fig. 2.15. 
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Figure 4.72 Load-deflection curves (ABAQUS vs. DIANA) 
S, Mises 
Multiple section points 
(Ave. Crit.: 75%) 
• 
+2. 632e+08 
+2.413e+08 
+2.194e+08 
f- +1. 974e+08 
+1.755e+08 
+1.536 .... 08 
+1. 317e+08 
+1. 098 .... 08 
+8.783e+07 
+6.591 .... 07 
+4.399e+07 
+2.207e+07 
+1.472e+05 
M~ +2.632 .... 08 
dt e1em 11928 node 1928 
Min +1.472e+05 
dt e1em 24001 node 1901 
~or Bridge-1, CASE1(Two 40t ALL) 
OOB : job-2 . odb ABAQUSIStdndALd 6.3-1 
Step: St~p-2. for STEP 2 
Incremant 107: Step Tim. = 0.7350 
Wed Jun 25 13 : 02:53 BST 2003 
Prim&ry VAr: S. Nises 
o.formad VAL u DftforIDdtion SC41e ~4ctor : +1.000e+00 
Figure 4.73 von Mi e tre e (top flange, SP 3) 
4-47 
University of Surrey Chapter 4. Deterministic Analyses for Intact Bridge Model 
4.3.5 Discussions and Conclusions 
Every effort to get a converged solution for the ultimate state usmg ABAQllS 
proved unsuccessful. However, DIANA models have reached their ultimate limit 
states without great difficulties. The reason why the results are different from each 
other is not clear. Examination of the reason is beyond the workscope of the present 
study. However, it would seem that the fact that the constitutive models of concrete 
as well as the incremental-iteration methods for nonlinear FE analysis in DIANA are 
much more diverse than ABAQUS helps to make it easier to get better solutions. It 
can be concluded that DIANA is more appropriate for the present study than 
ABAQUS. Therefore, only DIANA will be used for subsequent studies. 
In the present study, several assumptions have been used in modelling the actual UK 
bridge with an FE structural analysis programme. Apart from intrinsic assumptions 
and simplifications in the FE analysis, major assumptions made in the present study 
are as follows. 
1. Use of a reference traffic loading instead of actual traffic loading 
2. Negelct of contact area of wheel loading (use of point loading) 
3. Perfect connections between components such as slab, steel girders and 
cross beams. 
4. Ideal boundary conditions (No malfunction of supports) 
5. Neglect of different failure modes such as buckling, shear failure, etc. 
These assumptions and simplifications result in uncertainties in modelling as 
addressed in the literature review (see section 2.4.2). The modelling uncertainty will 
be included in the evaluation of the reliability of bridge models as a random variable 
(see section 5.2.1). 
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4.4 Parametric Studies 
In order to investigate the effects of various parameters on the ultimate trength of a 
bridge, parametric studies were carried out. Initial selection of orne ba ic random 
variables (RVs) for reliability analyses will be made based on their effect on the 
ultimate strength. 
Nonlinear analyses were carried out using DIANA to investigate the effect on the 
ultimate strength of a bridge model. To remove the effect of the failure of LR sy tern, 
a bridge model with the two-lane traffic loading was used. The effect of variation in 
each parameter on the ultimate strength are investigated. The variation considered i 
±a (standard deviation). 
Basic parameters considered and the results obtained are listed in Table 4.2. Ala, 
detailed results are given in the tables that follow. 
Table 4.2 Basic parameters and the results of parametric study 
Strength of structural steel 92.2 100.0 107.7 
Strength of concrete 98.3 100.0 101.4 
Strength of reinforcement 99.9 100.0 100.1 
of bottom flange 97.5 100.0 102.5 
of web 99.3 100.0 100.7 
Height of teel girder 99.7 100.0 100.3 
Thic of lab 99.9 100.0 100.1 
98.2 100.0 101.8 
101.2 100.0 98.8 
1 100.2 100.0 99. 
100.0 100.0 100.0 
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Table 4.3 Parametric study for strength of structural steel 
St. 
1 
0 
-1 
Strength Load Factors 
Strength Rate LF 
281.6 107% 31.623 
263.2 100% 29.351 
244.8 93% 27.075 
32 ~--------~--------~--~~~ 
31 
.Q 30 
() 
J2 29 
u 
:g 28 
-.I 
27 
26 ~--------~----------------~ 
- 1 o 
V aria t b n in s te e Istre n g th 
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107.7 
100.0 
92.2 
Figure 4.74 Parametric study for strength of structural steel 
Table 4.4 Parametric study for concrete strength 
St. 
1 
0 
-1 
Strength Load Factors 
Strength Rate LF 
32.7 117.20% 29.776 
27.9 100.00% 29.351 
23.1 82.80% 28.863 
32 ----~----~--------~--~---, 
31 
.Q 30 
() 
J2 29 
-0 
cO 
~ 28 
27 
26 ~--------~----------------~ 
-1 o 
V aria t b n in con c re te s t re n g th 
Figure 4.75 Parametric , tudy for concrete strength 
Rate 
101.4 
100.0 
98.3 
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Table 4.5 Parametric study for strength of reinforcement 
St. 
1 
0 
-1 
Strength Load Factor 
Strength Rate LF 
571.32 108.00% 29.380 
529.00 100.00% 29.351 
486.68 92.00% 29.318 
32 ~--~------------------~--~ 
31 - -------
'-
n 30 
(,) 
$ 29 
"0 
~ 28 
--.J 
27 
, 
-'-, 
• 
26 ~--------~----------------~ 
- 1 o 
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Rate 
100.1 
100.0 
99.9 
Figure 4.76 Parametric study for strength of reinforcement 
Table 4.6 Parametric study for thickness of bottom flange 
thickness Load Factors 
St. 
Thickness Rate LF Rate 
1 0.05150 103% 30.078 102.5 
0 0.05000 100% 29.351 100.0 
-1 0.04850 97% 28.628 97.5 
32 
31 
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$ 29 
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27 
26 
- 1 0 
V a r ia t b n n b otto m f Ia n g e th ic kn e s s 
Figure 4.77 Parametric tudy for thicknes ' of b ttom flange 
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Table 4.7 Parametric study for thickness of top flange 
St. 
1 
0 
-1 
Thickness Load Factors 
Thickness 
0.02575 
0.02500 
0.02425 
32 
31 
.a 30 
C> 
~ 29 
u 
~ 28 
--.J 
27 
26 
- 1 
Rate 
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97.00% 
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29.351 
29.345 
• 
V aria t b n in to p f Ia n g e th ic k n e s s 
Figure 4.78 Parametric study for thickness of top flange 
Rate 
100.0 
100.0 
100.0 
Table 4.8 Parametric study for thickness of web 
St. 
1 
0 
-1 
Thickness Load Factors 
Thickness Rate LF 
0.0103 103.00% 29.545 
0.0100 100.00% 29.351 
0.0097 97.00% 29.156 
32 ..---..,....--r----r---,.....-~-;--_, 
31 
Z 30 
C> 
~ 29 
u 
~ 28 
--.J 
27 
26 ~------~------~-----~ 
-1 o 
Varia tbn in web th ickness 
Figure 4.79 Parametric tudy for thickne of web 
Rate 
100.7 
100.0 
99.3 
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Table 4.9 Parametric study for height of steel girder 
St. 
1 
0 
-1 
Height Load Factor 
Height Rate LF 
1.243 100.24% 29.445 
1.240 100.00% 29.351 
1.237 99.76% 29.258 
32 ~--~----~----------------~ 
31 
.Q 30 
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~ 29 -
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Figure 4.80 Parametric study for height of steel girder 
Table 4.10 Parametric study for thickness of slab 
Rate 
100.3 
100.0 
99.7 
Thickness Load Factors 
St. 
1 
0 
-1 
Thickness Rate LF 
0.258 103.20% 29.326 
0.250 100.00% 29.351 
0.242 96.80% 29.380 
32 ~--__ ----~--~----~---r--~ 
31 
~ 30 
() 
~ 29 
-0 
~ 28 
~ 
27 
26 L-__ ~ ____ ~ ________ ~ ______ ~ 
- 1 o 
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Figure 4.81 Parametric ' tudy for thicknes ' of . lab 
Rate 
99.9 
100.0 
100.1 
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Table 4.11 Parametric study for thickness of pavement 
Thickness Load Factor 
St. 
Thickness Rate LF Rate 
1 0.1375 125.00% 28.835 98.2 
0 0.1100 100.00% 29.351 100.0 
-1 0.0825 75.00% 29.869 101.8 
----
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Figure 4.82 Parametric study for thickness of pavement 
Table 4.12 Parametric study for density of concrete 
Density Load Factors 
St. LF Rate Density Rate 
1 2,610.0 107.00% 29.000 98.8 
0 2,440.0 100.00% 29.351 100.0 
-1 2,269.2 93.00% 29.702 101.2 
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Figure 4.83 Parametric tudy for den ity of concrete 
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Table 4.13 Parametric study for density of structural teel 
St. 
1 
0 
-1 
Density Load Factor 
Density Rate LF 
8,164.0 104.00% 29.301 
7,850.0 100.00% 29.351 
7,536.0 96.00% 29.402 
I ~~--~----------------------~ 
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Rate 
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100.2 
Figure 4.84 Parametric study for density of structural steel 
Table 4.14 Parametric study for elastic modulus of structural steel 
Elastic modulus Load Factors 
St. 
E. modulus Rate LF Rate 
1 215.25 105.00% 29.363 100.0 
0 205.00 100.00% 29.351 100.0 
-1 194.75 95.00% 29.338 100.0 
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:g 28 
---.J 
27 
26 
- 1 0 
Variatbn in elastic moduus ofstructralsteel 
Figure 4.85 Parametric study for ela ' tic modulus of. tructural .teel 
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It was found from the above that the strength of structural steel i the mo t critical 
parameter. On the other hand, the concrete strength does not affect the ultimate 
strength significantly. The key parameters are listed in the order of their influece on 
the ultimate strength. 
"-
32 
31 
.9 30 
u 
~ 29 
"0 
co 
.:3 28 
27 
26 
1. Strength of structural steel 
2. Thickness of pavement 
3. Thickness of bottom flange 
4. Strength of concrete 
-1 o 
Va rat b n s 0 f para mete rs 
1
--- S tre n g 1h 0 f s tru c tu ra I s te e I 
-+- Th bkness 0 f pavem en t 
~ Th bkness 0 f bo ttom fange 
S tre n g 1h 0 f con c re te 
~ S tre n g 1h 0 f con c re te (re verse d ) 
Figure 4.86 Variations of parameter 
Fig. 4.86 how the above four parameter together. For the convenience of 
compari on, a rever ed line of the concrete trength wa added. 
The k Y parameters above, that affect the ultimate trength f a bridge m deL will 
be selected as ba 'ic rand m variable. for the reliability analyses. The oth r 
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parameters, which had a much less significant influence on the ultimate strength of 
the bridge model, will be taken as being constant. 
It was found that the ultimate strength of a beam-and-slab bridge model is governed 
by steel beams. In particular, the strength of structural steel, which has a bigger 
variation than any other parameter related to steel beams has the most influential 
influence on the variation in the ultimate strength. Also, the large variaton in the 
thickness of the pavement (a dead load) affects the ultimate strength significantly. 
However, the effect of variation in the thickness of bottom flange was found to be 
smaller than expected. Presumably, it may be because the failure of the bridge model 
occurs progressively. In other words, since flanges of beams start to fail adjacent to 
the loading and proceed to the outer one, all the bottom flanges do not resist to the 
load at the same time. It would appear that this makes the effect of the bottom 
flanges on the ultimate strength less important. Also, it should be noted that 
variation in the thickness of bottom flanges is smaller than the variation in the 
strength of the structural steel. The strength of concrete is just about one tenth of that 
of structural steel. This may reduce its affect on the ultimate strength despite the fact 
that its variation (COV) is considerable. 
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4.5 Conclusions 
Deterministic analyses were carried out using DIANA and ABAQUS for the actual 
UK bridge. 
Initially, the effects of the geometric nonlinearity and concrete crack models on the 
simulation were investigated. Simulation results were then analysed for both a 
single-lane loading and a two-lane loading. 
For two-lane loading, DIANA models have reached their ultimate limit states 
without great difficulty. However, ABAQUS models failed to reach a converged 
solution for the ultimate state. It may be because the constitutive models for concrete 
as well as the incremental-iteration methods for nonlinear FE analysis in DIANA are 
more diverse than ABAQUS. DIANA will be used for further studies. 
It was found that simulations yield better results when the geometrical nonlinearity 
is suppressed. In addition, both of the total strain-based crack models show very 
similar responses. The rotating crack model was mainly used in the present study, 
because it is said that it is well suited for reinforced concrete structures. 
Simulation for two-lane loading have reached the ulimate limit without the failure of 
the LR system. For a central single-lane loading, however, it was found that the 
simulation has reached its ultimate limit state before it terminated due to the failure 
of load redistribution (LR) system. On the other hand, it was found that an eccentric 
single-lane loading causes all the beams to fail progressively in the present model. In 
the beginning of failure, beams away from the eccentric loading do not greatly 
contribute in resisting the loading. As a result, the ultimate strength of the present 
model for the eccentric loading is much smaller than that for the central loading. 
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Comparison of the simulation with Nebraska full-scale bridge test shows that the 
lateral capacity of a bridge system is affected by various factors such as stiffness of 
slab relative to girders, girder spacing and lateral reinforcement ratio. 
Parametric studies showed that key parameters that affect the ultimate strength of 
the present model are the strength of structural steel, the thickness of the pavement, 
the thickness of bottom flange and the strength of concrete. These parameters were 
used for initial random variables for the reliability analyses for the intact bridge. 
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Chapter 5 
Reliability Analyses 
5.1 Introduction 
The system reliability-based bridge assessment methodology developed in this 
research is discussed in this chapter. The methodology combines the resistance 
response surface method (resistance RSM) with nonlinear finite element (NLFE) 
method. 
Since a tremendous amount of computation work may limit the application of the 
methodology to actual bridge assessment, focus was placed on how to reduce 
computation work to a reasonable level. For example, selection of basic random 
variables was limited to key parameters that have a significant influence on the 
ultimate strength in order to reduce the computation work. 
Special attention was paid to whether the failure of the load redistribution (LR) system 
takes place in the present bridge model, because it was proposed that such cases be 
excluded from the evaluation of the reliability of a bridge system in chapter 4. 
Advances in FE programmes has enabled basic parameters such as the strength of 
steel and the thickness of the flange to be used as random variables. As a result, the 
effect of 'corrosion' of beams on the reliability of a bridge system can be 
investigated by selecting a reduced dimension of the web/flange as a random 
variahle. Reliahility analyses were carried out for both intact and damage states. 
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5.2 Basic Items of Reliability Analyses 
Prior to the commencement of reliability analyses, some basic aspects need to be 
determined. This section addresses these basic items in detail. 
5.2.1 Evaluation of Reliability 
Reliability of a bridge model has been evaluated using the RSM in combination with 
FORM (section 2.4.4) in the present study. Resistance RSFs [R(x)] were developed 
first, as addressed in the literature review (section 2.4.5). Linear RSFs were used to 
reduce the computation work. 
r 
R(x) = a + Ib.x. 
;=1 I I 
(5.1) 
The central composite design (CCD) m Fig. 2.4 was used for the selection of 
sampling points. 
Combination of the resistance RSF R(x) of the system evaluated for a specific 
loading with the load effects X L (section 2.6.3) yields a limit state function [LSF, 
G(x) ] for the specific loading case. 
where, U R : Modelling uncertainty of resistance 
R(x): Resistance RSF 
XL: Load effects 
D f : Dynamic amplification factor 
TL : Static truck loading 
(5.2) 
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The modelling uncertainty of loading was not considered, becau e an a umed 
loading was used in the present study. 
Development of resistance RSF 
R(x) 
for each loading case 
- one lane loading 
- two lane loading 
~ 
Combine resistance RSF 
with loading random variable 
G(x)= R(x) - XL 
• 
Calculate Failure Probability 
for each loading cases 
FORM 
• 
Calculate Total Failure Probability 
Equation (5.3) 
Figure 5.1 Procedure of reliability analy i 
Once an LSF for a specific loading case is obtained explicitly, a conditional failure 
probability of the system can be calculated using FORM. This proce iterate until 
the reliability of a model f3 converges to a certain value, that is, 
The algorithm tolerance cp was set to 0.02 in the pre ent tudy. Summation of the 
conditional failure probability of pecific loading provide total failure probability 
of a y_ tern as follows: 
(5.3 ) 
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where, n: Number of different loading conditions 
L: Loading conditions 
PL : The probability of occurrence of a specific loading condition 
PIlL : Failure probability for a specific loading condition 
This process is illustrated in Fig. 5.1. 
5.2.2 Required Number of RSFs 
In order to illustrate the numbers of RSFs required for reliability analy e of a 
damaged bridge model, a simplified bi-variate model is given in Fig.S.2. 
)= 0 
I g~ C,.)=!'-o 
g~ (J~) += 0 I I 
I I 
I • I • I • I • I • 
0 ~ ! D" n. I Yl (Ditnensiotil Yl .PI YI 
Figure 5.2 Required number of resistance RSFs for different tate 
A sume that damage in teel beams due to corrosion affect (reduce) only the 
dimen ion of the beam ()'I)' that i , other parameter ()'1) uch a yield trength or 
elastic modulus are not influenced by the damage. The dimen ion of the ' yo tern in 
the intact state ( I ) i ' a umed to be y;. A the carro ion of the beams pr gre. ~e ..... 
the 'ection area is reduced gradually to ." :)1 and .<)~. In Fig. 5.2. D. and D 
represent the damaged .' tate.-. 
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It is estimated from Fig. 5.2 that the LSFs (g(y) = 0 ) for each tate (1, D and D, ) 
differ from each other. Accordingly, the resistance RSF (g'(y) = 0) al 0 need to be 
obtained for each state in order to evaluate its failure probability. 
The number of required RSFs is dependent on the number of damaged tate of 
concern. If three different damage states (e.g. intact, 20% and 40%) are u ed to 
investigate the change in the reliability of a system caused by the damage, then three 
different resistance RSFs should be evaluated. 
Obviously, the number of damage types and loading ca e of intere t al 0 affect the 
required number of RSFs. In particular, a combination of variou damage type (e.g. 
effects of simultaneous occurrence of corrosion and strength reduction) increa e the 
number of RSFs significantly. 
For example, a combination of three types of damage require more RSF than the 
separate consideration of three types of damage as shown in Table 5.1. The number 
of RSFs in the case of combination of three types of damage was obtained a 
follows: 
Table 5.1 Required Number of RSFs 
Damage Damage Loading Required RSFs Required RSFs 
Types Rates Cases (seperate) (combined) 
1 3 2 6 6 
2 3 2 12 18 
3 3 2 18 54 
It need. to be noted that the number of RSF nece ary for each iterative t p (~ e 
"B. Iterativ Step in page 2-21) wa not con ' idered. The required RSF. in Tahle 5.1 
reliability of a bridge . ystelll. 
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5.2.3 Required Computation Work 
If factorial points and a centre point are used for the evaluation of re i tance RSF , 
the number of sampling points will be 2 n + 1, where n is the number of random 
variables. In addition, more sampling points may need to be u ed to refine the RSF [49]. 
If three parameters such as the strength of steel, the thickness of bottom flange and 
the thickness of pavement are used as basic random variables (RVs), the total 
number of RV s for the actual UK bridge model (8 beam) can be determined a 
follows. Note that both the strength of steel and the thickne of bottom flange may 
vary in every steel girder. 
1) Case -1: Variation in RV s is assumed to be the same for all the beam . 
This case corresponds to (a) in Fig. 5.3. Variation in the RVs can idered i a umed 
to occur in the SaIne direction in all the beams. Then, total number of RV 11 i only 
three. As a result, the minimum number of sampling point is only nine (23 + 1 = 9). 
(a) (b) 
Figure 5.3 Application of variation of RV 
2) Ca e - 2: Variation of RVs i applied to each beam re pectively. 
Thi ca e cone pond ' to (b) in Fig. 5.3. The variation in RV i a umed to ccur III 
a different way for each beam. The total number of RVs II i · 17 (2 +1=17) in 
this case, because each beam may have different tr ngth f ste I and thickne s of 
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. . 
bottom flange. Accordingly, the required number of sampling points IS at least 
131,072 (i 7 + 1 = 131,072). 
Table 5.2 shows the total number of sampling points per iteration in cases where 
only one type of damage is considered. It shows that total number of analyses 
(sample points) required for case 2 is prohibitive, even though only one type of 
damage is considered. Therefore, case 1 will be selected in the present study in order 
to reduce computation work, even though the result is expected to be somewhat 
conservati ve compared to the case 2. 
Table 5.2 Total number of computing (for one type of damage, 1 iteration) 
Case Type Sampling Points RSFs Total Number of Analyses 
case-l 9 6 54 
case-2 131,072 6 786,432 
5.2.4 Damage Type; Corrosion 
As discussed above, it would seem that it is very difficult to deal with several 
damage types in the present study due to the tremendous computation work required. 
Since the behaviour of composite bridges is generally dominated by steel girders 
rather than concrete slabs [19, 20, 24], it is considered that the corrosion on a steel 
girder is appropriate for the critical damage type for the present study. This was 
identified as a critical parameter in section 4.4. 
If the loss of a girder (e.g. due to the collision of a truck) is selected as a damaged 
state, the same random variables as the intact state are used. There is nothing special 
compared to the intact state, except that a girder is lost. Therefore, 'corrosion' of 
steel girders was selected as a damage type for reliability analyses in this research. 
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5.2.5 Failure Modes; Flexural Bending 
As corrosion proceeds, a change in failure modes takes place from the flexural 
failure to shear failure as addressed in the literature review (see section 2.5.2). 
Therefore, it can be said that more accurate results can be obtained from the use of 
both failure modes. 
However, the present study mainly aims at developing the methodology of system 
reliability-based bridge assessment rather than the full-investigation of the effects of 
damage on the reliability of a bridge. Thus, the shear failure mode was not 
considered in the present study for simplicity. It should also be noted that bridges 
with severely corroded webs (web damage index greater than 0.45) of which failure 
mode may be shear failure are, in fact, removed (or repaired) [85] as mentioned in 
the literature review. 
5.2.6 Corrosion Pattern; Overall Corrosion on Web 
In relation to the corrosion patterns in Fig. 5.4, pattern '8' (fully corroded web) may 
undermine the shear capacity of the bridge, in particular around the supports. 
However, the behaviour of the bridge is governed by flexural bending until severe 
corrosion occurs as mentioned above. 
It is expected that pattern 'A' (partially corroded web) will require a much longer 
computational running time than Pattern '8', because more elements and section 
points are necessary for modelling of pattern 'A'. Therefore, computation work will 
be prohibitive for the simultaneous use of both patterns as shown in Fig. 5.4. (a). 
On the other hand, a model using only pattern 'B' like Fig. 5.4 (c) may yield 
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somewhat conservative results compared to that of a model given in Fig. 5.4. (b), but 
it is estimated that the use of the model ( c) would make the simulation much ea ier 
and reduce the computation work significantly. Accordingly, model (c) wa u ed for 
the present study. 
II 
(a) 
IucrnA 
(b) 
IauernB 
(c) 
Figure 5.4 Corrosion patterns 
5.2.7 Limit States 
Generally, the serviceability limit state is defined as excessive vibration or defl ction 
[57]. Gho n [19] proposed that a deflection level of L/300(rn) (L: pan length) be 
u ed a the erviceability limit as addre sed in the literature review. 
In regular a e ment (except for special as e ment after evere deterioration), 
generally only ultimate limit state (ULS) are con idered, becau e , atisfact ry prior 
performance i considered to have 'ati fied the . ervieeability linlit ' tate [61]. SD 21 
also pre cribes that the application of , ervieeability limit states ( L ) is . trietl ' 
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limited to the structures constructed after 1965 on the condition that the agreement 
of the Technical Approval Authority is given [56]. However, it would be intere ting 
to investigate how 'damage' affects the serviceability limit state of a bridg 
especiaU y based on the probabilistic approach. 
It was found that variation in the strength of structural steel, which turn out to be 
the most influential parameter on the ultimate strength from the parametric tudie 
does not affect the load-carrying capacity of a model at the SLS at all , a hown in 
Fig. 5.5. This means that the RSFs are not needed for the evaluation of the 
probability that the model violates the SLS. A single value can be used for re i tance 
R(x) . Therefore, the probability can be evaluated using the following equation. 
G(x) = Rs - XL (5.5) 
where, Rs: resistance of a model at SLS (deterministic value) 
~o -- -1 -+- +1 
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Figure 5.5 Effect of teel trength 
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5.2.8 Damage Index 
In order to investigate the effects of damage on the reliability of a structure, a 
number of states of damage need to be checked. In the present study, the following 
damage states were used taking into consideration the fact that bridges with web 
damage index greater than 0.45 are removed (or repaired) as mentioned above. 
Intact state 
20% of corrosion 
40% of corrosion 
5.2.9 Traffic Loading for Reliability Analyses 
As addressed above, the LSF G(x) can be obtained as follows: 
G(x) = uRR(x) - XL 
= uRR(x) - D fTL 
(5.3) 
The resistance of a model R(x) can be evaluated from the response surface 
methods in the present study. In principle, load effects should be obtained through 
the site investigation for the evaluation of a more accurate reliability of a bridge. 
However, investigation of site-specific load effects is beyond the work scope of the 
present study. Instead, an assumed simple loading model was used. 
In addition, some assumptions on the traffic loading were made in order to simplify 
the loading conditions as follows: 
Assumption 1: All the trucks on the bridge run side-by-side and reach the mid 
span at the same time. 
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Assumption 2: Only one truck is loaded on a lane. 
Assumption 3: When two trucks are loaded, they are located ymmetrically about 
the middle of the bridge. 
Assumption 4: A single-lane truck is loaded only eccentrically. The central ingle-
lane loading (refer to section 4.2.4) will be suppre ed. 
Assumption 3 makes it possible to use the half model developed in a previou 
section (section 3.3.8). Also, computation work was reduced significantly by 
assumption 4. This assumption may be justified in that most heavy truck run in the 
outer lane on a road and the resistance of the bridge model for the eccentric loading 
is smaller than that for the central loading as shown in chapter 4. 
Based on the load models used in other studies (refer to Table 2.5), an a umption 
was made on a traffic load model to be used for the present study as shown in Table 
5.3. Taking into account the fact that bridges subject to reliability-ba ed asses ment 
may be sub-standard, it was assumed that the condition of road surface is not good. 
Table 5.3 Assumed live model for present study 
Mean 
Weight COY 
D o 
60t (one-lane loading) 
102t (two-lane loading) 
0.25 
Extreme type I 
1.17 
0.141 (one-lane loading) 
0.095 (two-lane loading) 
Normal 
0.90 
0.10 
-1 
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Presumably, the bridge assessment live load model in Table 5.3 may be conservative 
for the assessment of bridges, because the assumption was made based on the traffic 
load models for the design of new bridges. In general, existing bridges are assessed 
for 5 to 10 years, whereas new bridges are designed for 50 to 75 years [~3] (in 
particular 120 years in the UK [56]). In particular, the assumed mean value of the 
one-lane loading in this study corresponds to the maximum gross weight in a recent 
traffic survey in Hong Kong. Therefore, a smaller value was given to the COY of the 
weight compared to Nowak's study (see section 2.6.4). Nowak et af [22] assumed 
that only 85 % of the maximum loading is applied for the two-lane loading. It was 
assumed in this study that the mean of the two-lane loading is also 85% of the mean 
of the one-lane loading. 
From Table 5.3, the rate of a single-lane loading PLI was assumed to be 0.9. In 
addition, the rate of a two-lane loading PL2 was given as 0.1. This means that the 
rate of 3-lane loading was totally neglected. Also, load effects of other small 
vehicles were neglected. Therefore, the total failure probability of a bridge model can 
be evaluated using the equation (2.15) as follows: 
Pf = (PfiLt )PL1 + (PfIL2 )PL2 = PflLl x (0.9) + PflL2 x (O.l) (5.6) 
where, Pf : total failure probability of a bridge model during its lifetime 
PflLt : failure probability for a single-lane loading 
P
rIL2 : failure probability for a two-lane loading 
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5.2.10 Element Types for Reliability Analyses 
Element types used for the reliability analyses are the same as tho e in Table 3.4. For 
eccentric single-lane loading cases, however, the number of section point of hell 
elements was reduced from nine to three, because it turned out to take a long time to 
complete a simulation as addressed in section 4.2.5. It can be seen from Table 5.4 
that this greatly contributes to reducing computation time. Fig. 5.6 shows the load-
displacement curves. The curves are not smooth. Also, there is a slight difference in 
the ultimate limit strength between two curves. However, it eems that it i not 
significant. The difference would be incorporated in the modelling uncertainty (u R ) 
in the reliability analyses. Pavement was not considered in the models in Fig. 5.6 for 
simplicity whereas it has been used as a random variable in the reliability analy e . 
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Figure 5.6 Load-deflection curves (eccentric ingle-lane loading, No pavement) 
Table 5.4 Models for an eccentric ingle-lane loading 
node .lab p Beam p Element No tep number running time time/step 
8 9 3 50 101 141 hr 4 min 
3 3 50 4 6.33 hr 4.52 min 
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5.2.11 Programmes for Reliability Analyses 
PROBAN and COMREL (student version 7.1) were used for the evaluation of the 
failure probability (reliability) and design points. In particular, COMREL wa u ed 
for the single-lane loading cases whose reliability analyses were carried out in Korea. 
MATLAB (version 6.1) was used for the regression of RSFs. 
5.2.12 Evaluation of ULS for Reliability Analyses 
Fig. 5.7 shows load-displacement curves representing damaged tates that will be 
addressed in the reliability analyses. 
~ 2-lane, 20% damaged 
~ 2-lane, 40% damaged 
~ 1-lan8, 20% damaged 
~ 1-lane, 40% damaged 
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Figure 5.7 Load-displacement curve 
It was found that the curves are very stable for the two-lane loading a hown in Fig. 
5.7. Therefore, the ULS of a imulation for the two-lane loading wa collected fr m 
a tabular output without further po t-proce ing. An example of the tabular data is 
, hown in Appendix 3. 
However. it was found that the I ad-di plac ment curve f r 'ingle-Iane loading 
mpletely smo tho It is not clear why the CUf\'es are n tho It 
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is possible that unsymmetrical yielding of beams might cause the un table beha lour. 
In order to evaluate the ULS more accurately, the ULS of a imulation wa 
determined using a load-displacement curve together with numerical data obtained 
through a post-processing. Initially, 130 steps (increments) were gi en for a 
simulation. For most simulations for the single-lane loading, 130 tep are enough to 
determine the ULS. If a curve is horizontal like the 40% damaged ingle-lane 
loading case as can be seen in Fig. 5.7, it was considered that the imulation had 
reached its ultimate limit state as the deflection progre es without any increa e of 
loading. When it was not clear whether the simulation ha reached it ultimate tate, 
more steps (increments) were added to get the ULS as hown in Fig. 5.8. Al 0, it 
was found that the basic shape of load-displacement curve i very imilar even for 
severely corroded (74.95% corroded) cases as shown in Fig. 5.8. Thi curve i for 
the central point of the 2nd iteration for 40% damaged single-lane loading case (No. 
16 in Appendix 5). 
~ 40%. Initial Iteration. 1-130 sleps 
~ 40%. Initial Iteration. 131-160 steps 
-- 40%. 2nd Iteration 
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It was assumed that curves are smooth and points out of the curve were disregarded 
when determining the ULSs. The use of smaller values for the ULS is expected to 
yield slightly conservative results. Also, it can be said that the modelling uncertainty 
of resistance uR was used to cover these errors. Samples of load-displacement 
curves and numerical data for the single-lane loading cases are given in Appendix 4. 
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5.3 Reliability Analyses for the Intact Bridge Model 
5.3.1 Overview 
The reliability of the intact bridge can be used as a ba is for the evaluation of the 
'damage tolerance' of a bridge. In addition, the entire proce of RSM wa re iew d 
in detail through the reliability analyses for the intact bridge model. 
5.3.2 Selection of Random Variables 
Initially, random variables (RVs) to be used for reliability analy e were elected 
based on the results of the deterministic parametric tudie a hown in the previ us 
chapter. Initially selected basic RVs are Ii ted in Table 5.5. 
Table 5.5 Initial RVs for reliability analyses 
XI 
Strength of Structural Steel 
Lognormal (MPa) 
X 2 
Thickness of Bottom Flange 
Normal (mrn) 
X3 Strength of Concrete (MPa) Lognormal 
X 4 Thickness of Pavement (cm) Normal 
Modelling uncertainty of 
Normal uR 
resistance 
Extreme I 
TL Traffic Loading (Load Factor) (Gumbel) 
Dr Dynamic Amplification Factor Normal 
( ): ingle-lane loading; (t): two-lane loading 
263.2 
50 
27.9 
11 
1 
1.50 ( ) 
2.55 (t) 
1.17 
0.07 
0.03 
6 
0.25 
0.075 
0.25 
0.141(,) 
0.095(t) 
The FE analy i re ult required to evaluate a ingJe RSF for 4 re 'i tanc R 
( X 1- 4 ) are gi n 10 ppendi 5 in addition to e perimental de ign . It n ed to be 
n t d th tat o-lan loading mod J a u d for th FE analy . Ba d n th 
-I 
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results, resistance RSFs were obtained using the least squares methods for each 
group of sampling points (factorial points, axial points and all points) as follows: 
Factorial Points 
R(x) = -24.347 +O.12976X J +0.40265X 2 +O.074695X3 -O.23312X4 
Axial Points 
R(x) = -26.836+0.12293X J +0.48022X 2 +O.063638X3 -O.18795X4 
All Points 
R(x) = -25.183+0.12749X J +0.4285X 2 +O.071009X3 -O.21806X4 
Also, a combination of the resistance RSFs with the load effects provides LSFs as 
follows: 
Factorial Points 
G(x) = uRR(x) - D fTL 
=uR (-24.347+0.12976X J +O.40265X2 +O.074695X3 -O.23312X4) 
-DfTL 
Axial Points 
G(x) = U R (-26.836+ O.12293X1 +0.48022X 2 +O.063638X3 -O.l8795X 4 ) 
-DfTL 
All Points 
G(x) = UR (-25.183 + 0.1 2749X. + 0.4285 X 2 +0.071009X 3 -0.21806X4 ) 
-D,TL 
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Table 5.6 shows the summary of results of the reliability analy e . It wa found that 
the results obtained from each set of sampling point were very irnilar. It need t 
be noted that the results of the initial iteration were used here for en iti ity tudie . 
The sensitivities of each RV are presented as importance factor in PROBAN [111]. 
The importance factors show that the thickness of pavement ( X -l ) i a important a 
the thickness of bottom flange ( X 2 ) of steel girders. On the other hand, the trength 
of concrete (X 3) is less important than any other RY. Thi was al a found in the 
deterministic parametric studies as shown in Fig. 4.86. Therefore, it can be said that 
the strength of concrete which yields the lowest sen itivity can be can ider d a a 
constant. 
Therefore, factorial points (8 points in total) were mainly used for the reliability 
analyses in this study in order to reduce the computation work. However, axial 
points (6 points in total) were also tried for the intact ingle-lane loading ca e 
instead of factorial points, because it was found that it require a long running time 
as discussed in section 5.2.10. 
Table 5.6 Summary of Reliability Results for 4 RVs 
Sampling Points Factorial Axial All 
Reliability Index 7.3622 7.3976 7.3742 
Failure Probability 9.042xl0- 14 6.935x 10- 14 8.265xl0- 14 
Importance Factor 
TL 67.2 68.3 67.6 
XI 15.3 13.7 14.7 
uR 9.3 9.7 9.4 
D, 5.7 5.9 5.8 
4 1.1 0.7 1.1 
2 1.0 1.4 1.0 
0.4 0.3 0.4 
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Based on the above, the RV s to be used for evaluation of the re i tance RSF for the 
intact state were selected as follows: 
1. strength of structural steel 
2. thickness of bottom flange 
3. thickness of pavement 
Statistics for the RVs to be used for the reliabiltiy anayses for the intact tate are 
listed again in Table 5.7. 
Table 5.7 RVs for reliability analyses for intact bridge model 
~ notation Random variables distribution mean COy i 
XI Strength of Structural Steel (MPa) Lognormal 263.2 0.07 
X 2 Thickness of Bottom Flange (mm) Normal 50 0.03 
X3 Thickness of Pavement (cm) Normal 11 0.25 
u R Modelling uncertainty of resistance Normal I 0.075 
Extreme I 1.50 (s) 
TL Traffic Loading (Load Factor) 0.25 (Gumbel) 2.55 (t) 
D f Dynamic Amplification Factor Normal 1.17 
0.141( ) 
0.095(t) 
(s) : single-lane loading; (t): two-lane loading 
5.3.3 Analysis Results for Two-Lane Loading 
LSFs and the probabilities of failure obtained from the reliability analy e of the 
present bridge model are listed below. Linear resistance RSFs were u ed and they 
were fitted u ing the re ult obtained only from factorial point of central compo ite 
design (see Fig. 2.4 and No.2 to No.4 in Appendix 5). 
The converged value of reliability index wa obtained only at the econd iterati n. 
Limit state functi ns (LSFs). reliability and importance factor ' are a - follows: 
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1) LSF 
Initial iteration 
G(x) = uRR(x) - XL 
= uR (-24.672+0.12362X L +0.48194X2 -0.18476X 3 ) - Dj TL 
1st iteration 
G(x) = uRR(x) - XL 
= U R (-20.259 + 0.12377 X I + 0.38331X 2 - 0.19108X 3 ) - D JTL 
2nd iteration 
G(x) = uRR(x)- XL 
=uR (-19.237+0.12265X I +0.36603X 2 -0.18413X 3 )-D j TL 
2) Reliability Index 
Initial 2.702x10- 14 7.5218 
4.697xl0- 14 7.4491 0.0727 
4.478xl0- 14 7.4546 0.0055 
3) Sensitivity of RVs; Importance Factor 
Iteration ... _ . ! .L'!. . .. 1 st 2nd 
TL 68.8 68.9 69.2 
XI 13.1 13.5 13.3 
uR 10.1 10.0 10.1 
D, 6.0 6.0 6.0 
2 1.3 0.9 0.8 
3 0.7 0.7 0.7 
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4) Mean and Design Points 
I iteration XI X 2 X3 I 
Initial mean 263.2000 50.0000 11.0000 
Initial design 205.2657 48.7277 12.6398 
1 st d . eSlgn 205.0461 48.9868 12.6979 
2nd d . eSlgn 205.5499 49.0313 12.6380 
r iteration Uti Df T/ 
I 
Initial mean 1.0000 1.1700 2.5500 
Initial design 0.8186 1.3461 13.2881 
1 st design 0.8217 1.3441 13.1252 
2nd d . eSlgn 0.8220 1.3446 13 .2008 
The details of reliability analyses are presented in Appendix 6. In particular, the 
importance factors show that the most important parameter is uncertainty in traffic 
loading on the loading side. This means that more rigorous data collection need to 
be carried out for the traffic loading. Therefore, it can be said that actual traffic 
loading models need to be developed through traffic survey instead of the use of 
assumed values. Also, uncertainty in the strength of structural steel and modelling 
uncertainty are both important on the resistance side. The same result were obtained 
by Chry santhopoulos et al [13]. 
The table of mean and design points shows that all the parameter moved to point 
where failure of the bridge model is likely to take place more ea ily than the mean 
point (original tate). It wa al 0 found that all the parameter have reached nearly 
cIo e to the final de ign point ju t after the initial iteration. Thi may indicate that 
the reliability obtained even from the initial iteration can be used ~ r th cas . where 
a rigorous reliahility i ' not r quired. Computati n work can be reduced signiticantl ~' 
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in such cases. 
Also, it was found that the point of the traffic loading at the design point is farthest 
away from its mean point. It is not clear why the value of the traffic loading has 
changed much larger than other parameters. However, it would seem that it may be 
connected to both high uncertainty and high sensitivity of the traffic loading in this 
study. The COY (0.25) of the traffic loading is much larger than those of other 
parameters. It needs to be noted that the sensitivity of the thickness of pavement 
whose COY is also 0.25 is much smaller than the traffic loading as shown above. In 
summary, the most likely failure of the present bridge model is expected to take 
place when an extremely heavy truck is loaded to the bridge. It is less likely that 
poor quality of steel beams or increased thickness of pavement may be main factors 
that cause the failure of the bridge system in this case. 
5.3.4 Analysis Results for Single-Lane Loading 
LSFs and the probabilities of failure are given below. As mentioned in section 5.2.9, a 
single-lane truck loading was assumed to be applied only eccentrically to the bridge. 
Basic random variables are the same as those for the two-lane loading. Axial points 
were used for the analyses in order to reduce computation time as mentioned above. 
LSFs and reliabilities are as follows: 
1) LSFs 
Initial iteration 
G(X) = uRR(x) - XL 
=u R (-5.099+0.067028X 1 +0.2472X2 -0.0960786X 3 )-D,TL 
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1st iteration 
G(x) = uRR(x) - XL 
=uR (-3.101+0.068405X 1 +0.19908X 2 -0.0828X 3 ) -D j TL 
2) Failure Probability and Reliability Index 
I Iteration P, p 111~ I 
Initial 8.2200x10-2O 9.036 -
1 st 6.8188x10-2o 9.057 0.021 
3) Mean and Design Points 
I iteration XI X 2 X3 I 
Initial mean 263.2000 50.0000 11.0000 
Initial design 231.3790 49.0725 12.2116 
1 st design 230.9200 49.2551 12.0413 
I iteration "R D, TL 
Initial mean 1.0000 1.1700 1.5000 
Initial design 0.7226 1.4695 10.5070 
1 s( design 0.7210 1.4704 10.5437 
Simulations were terminated just after the 1 st iteration, because the accuracy of the 
reliability index was considered to be enough to evaluate the total reliability index of 
a bridge ystem a hown in the next section. It wa found that the reliability of the 
bridge sy tern i dominated mainly by that of the two-lane loading ca e. 
It wa also found that the mo t probable failure could take place due to an extr mely 
heavy traffic loading in aery imilar way to the two-lane loading. 
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5.3.5 Evaluation of Reliability 
Total failure probability of the bridge system was evaluated using the equation (5.6) 
as follows: 
Pf = (PflL! )PL! + (PfIL2)PL2 = PflL! x 0.9 + PflL2 x 0.1 
= 6.8188x 10-20 x 0.9+ 4.478 x 10-14 xO.l 
=4.478xlO-15 
f3 = _cp-I (Pf ) 
= - cp-I (4.478 X 10-15 ) 
= 7.7539 
The results show that the total failure probability (reliability) of an intact bridge 
model used in the present study is dominated by the failure probability for a two-
lane loading case. Presumably, it may be because the ratio of the resistance to the 
loading (32/2.55 = 12.54) in the case of the two-lane loading case is much smaller 
than that (25/1.5=16.67) of the single-lane loading case as can be identified in Fig. 
4.50 and Table 5.3. This may show that the assumed traffic loading has a significant 
influence on the results. 
5.3.6 Conclusions 
In this section, system reliability-based bridge assessment developed in this study 
was carried out for an intact bridge model. It was found that two or three iterations 
are enough to obtain a converged result from the reliability analyses using the RSM. 
It can be said that this is a favourable result in terms of computational time. 
Sensitivity studies were performed to reduce the number of random variables (RV s) 
to a reasonahle level. Strength of structural steel, thickness of bottom flange and 
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thickness of pavement were selected as basic RV s for resistance RSFs. Also, it was 
found that similar results were obtained from different groups of experimental 
design points. Therefore, only axial points or factorial points were used respectively, 
which contributed to reducing the computation work, too. 
It was found that the reliability of the present bridge model is governed by the two-
lane loading case for the intact state. This means that more consideration should be 
given to the two-lane loading case than the single-lane loading for the intact state. 
Even before the failure probability converges, simulations for the single-lane loading 
case can be terminated at the initial stage in order to reduce computation work. On 
the contrary, tighter convergence criteria can be used for the two-lane loading for 
more accurate results. 
The results show that assumed load effects may have a significant influence on the 
results. Therefore, actual traffic loading needs to be developed for the system 
reliability-based bridge assessment through traffic survey. Also, it was found that an 
extremely heavy truck loaded to the bridge may cause the most likely failure of the 
present bridge model for the intact state. It is less probable that the failure of the 
bridge system takes place due to poor quality of steel beams or increased thickness 
of pavement in this case. 
It was also found that the bridge model is in a 'good' state in terms of the reliability 
states by Frangopol et al (Table 2.3). 
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5.4 Reliabilty Analyses for Damaged States 
5.4.1 Overview 
Chapter 5. Reliability Analyses 
In order to investigate the effects of damage on the reliability of a composite bridge, 
the reliability of a damaged bridge was evaluated. 'Corrosion' of steel girders was 
selected as the damage type as mentioned above and a thickness loss parameter was 
used as a random variable. Both 20% and 40% damaged states were reviewed. Also, 
the results were used as a basis for the evaluation of the damage tolerance of a 
bridge model. 
5.4.2 Random Variables 
For the damaged state, the thickness loss parameter developed by Sarveswaran [57] 
(refer to section 2.5.2) was used as an RV in addition to the strength of structural 
steel and the thickness of pavement for the evaluation of resistance RSFs. 
Based on the Sarveswaran's proposal as shown in Fig. 2.9, some additional 
assumptions were made in the present study for simplicity. Sarveswaran evaluated 
the thickness loss parameter ; using the average percentage loss of flange 
thickness %LFT. However, since the pattern 'B' (fully corroded web) of corrosion 
used for the present study does not consider the corrosion of the top flange of a 
beam and the results of parametric study also showed that the effect of the top flange 
on the ultimate strength of the model is negligible, a single thickness loss parameter 
; was applied to both the bottom flange and web. This forms a single damage 
index in the present study. Fig. 5.6 shows the thickness loss of elements used in the 
present study. 
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If a value of 0.15 for the COV assumed by Sarve waran i u ed, then tandard 
deviations (0.15xO.2x5cm=0.15cm) of the thickness of bottom flange for the 20% 
corroded case become absolutely identical with those (0.03x5cm=0.15cm) for the 
intact state given in a WS Atkins report [10]. Taking into account the fact that 
uncertainties increase with the degree of corrosion as described before ( ee 'ection 
2.4.2), 0.20 was taken as the COV of the thickness loss parameter for damaged 
states in the present study according to Hearn et aI's [85] a sumption. 
Loss of Material 
web 0.96.;'1' 1'1 
Bottom flange 1.00.;'1' 
where ~ = %LFT/I00 
Figure 5.9 Varying thickness loss model for the present study 
Fig. 5.9 shows the dimension of corroded elements used in the present tudy. AI 0, 
the RVs used for damaged states are given in Table 5.8. 
Table 5.8 RVs for the damaged state 
XI Strength of Structural Steel (MPa) Lognormal 263.2 0.07 
X 2 Normal 0.20 
X3 Normal 11 0.25 
uR Modelling uncertainty of re i tance Normal 1 0.075 
Extreme I 1.50( ) 
0.25 TL Traffic Loading (Load Factor) (Gumbel) 2.55(t) 
ormal 1.17 
0.141( ) 
D, Dynamic mplification Factor 
0.095(t) 
( ): ingl -I (t): to-Ian 10 ding 
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5.4.320% Damaged Model 
5.4.3.1 Analysis Results for Two-Lane Loading 
A converged value of reliability index was obtained at the fir t iteration. LSF and 
reliability are listed as follows: 
1) Linear LSFs for Initial Step 
Initial iteration 
G(x) = uRR(x) - XL 
=uR (5.2705+0.10013X I -0.31177X2 -0.1883X 3 ) -D j TL 
1st iteration 
G(x) = uRR(x) - XL 
=uR (8.1665+0.088018X I -0.29522X 2 -0.22034X 3 ) -Dj TL 
2) Failure Probability and Reliability Index 
Initial 1.376x 10- 11 6.6593 
1 t 1.242x 10-11 6.6743 0.0150 
3) Sensitivity of RVs~ Importance Factor 
Initial 1 t 
TL 70.1 71.8 
XI 9.2 8.9 
uR 8.5 7.2 
D, 5.7 5.9 
2 5.6 4.9 
3 1.0 1.3 
- 0 
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4) Mean and Design Points 
l iteration XI X 2 X3 I 
Initial mean 263.2000 20.0000 11.0000 
Initial design 227.8744 26.3171 12.8034 
1 st design 23l.7110 25.9533 13.1001 
I iteration UR Dr Tr 
Initial mean 1.0000 l.1700 2.5500 
Initial design 0.8559 l.3219 11.3127 
1 sl design 0.8520 1.3241 11.5585 
It was found that the most likely failure of the present model takes place mainly due 
to the application of extremely heavy traffic loading to the bridge for a two-lane 
loading for the 20% damaged state. It needs to be noted that the influence of the 
dimension of steel beams would be slightly increased compared to the intact tate. It 
may be because the uncertainty related to the bottom flange (i.e. thickne s los 
parameter) is bigger than that of the intact state. 
5.4.3.2 Analysis Results for Single-Lane Loading 
Since it was found that the failure probability for the single-lane loading i 
ab olutely negligible compared to that for the two-lane loading, the imulation were 
topped at the initial iteration in order to reduce computation work. It need ' to be 
noted that the effect of thi on the total failure probability will be in ignificant. Thi 
wa al ' 0 noted with the reliability modelling of the intact bridge model (section 
5.3.4 ). 
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1) LSFs 
Initial iteration 
G(x) = uRR(x) - XL 
= u R (8.5349+0.067744X, -0.18604X 2 -0.14296X 3 ) - Df TL 
2) Failure Probability and Reliability Index 
3) Mean and Design Points 
Initial mean 263.2000 20.0000 11.0000 
Initial design 231.7730 24.8367 12.7567 
Ini tial mean 1.0000 1.1700 1.5000 
Initial design 0.7956 1.6477 8.5908 
The most probable failure takes place in a very similar way to the two-lane loading 
ca e. The failure is also likely to occur mainly due to the application of very heavy 
traffic loading to the bridge for the single-lane loading. 
5.4.3.3 Evaluation of Reliability 
Total failure probability of the bridge y tern wa evaluated u ing the equation (5.6) 
fo110 
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Pf = (PflL! )PL1 + (PfIL2)PL2 = PflL! X (0.9) + PflL2 X (0.1) 
= 4.0467 X 10-16 xO.9 + 1.242xl0-11 xO.l 
=1.242xlO-12 
f3 = -<1>-1 (Pf ) 
= -<I>-1(1.242xl0-12 ) 
= 7.0051 
It was found from the results that the total failure probability (reliability) of a 20% 
damaged bridge model is also governed predominantly by the failure probability for 
a two-lane loading case in the same way as an intact state. 
It was found that the most influential factor which decide the most probable failure 
is the traffic loading for the 20% damaged state in a saimilar way to the intact state. 
However, the influence of the dimension of steel beams was slightly increased 
compared to the intact state. It may be because the uncertainty related to the bottom 
flange (i.e. thickness loss parameter) is bigger than that of the intact state. 
Results show that the 20% damaged bridge is also in a 'good' state in terms of the 
reliability states proposed by Frangopol et al (refer to Table 2.3). Therefore, it can be 
said that 20% corrosion of the steel girders does not significantly undermine the 
reliability of the present bridge model. 
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5.4.4 40 % Damaged Model 
5.4.4.1 Analysis Results for Two-Lane Loading 
A converged value of reliability index was obtained at the third iteration. LSF and 
reliability are given in the following: 
1) LSFs 
Initial iteration 
G(x) = uRR(x) - XL 
=uR (8.187+0.084941X 1 -0.30128X 2 -0.12655X 3 )-Df TL 
1 st iteration 
G(x) = uRR(x) - XL 
= u R (15.894 + 0.057532X I - 0.30423 X 2 - 0.21652X 3) - D fTL 
2nd iteration 
G(x) = uRR(x) - XL 
= U R (18.578 + 0.05355X I + 0.33335X 2 - 0.20948X 3) - D f TL 
3rd iteration 
G(x) = uRR(x) - XL 
= u R (20.513 + 0.045747 X I -0.3222X 2 -0.214X 3) - DfTL 
2) Failure Probability and Reliability Index 
Initial 5.802xI0-6 4.3849 
1 I 1.780xI0-6 4.6355 0.2506 
2nd 2.22IxI0-6 4.5895 0.0460 
3rd 2.050xI0-6 4.6063 0.016 
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3) Sensitivity of RVs; Importance Factor 
Iteration Initial 1 SI 2nd 3rd 
X 2 51.8 52.2 61.7 61.5 
XI 24.2 32.1 24.8 26.4 
TL 19.9 8.2 7.1 5.3 
U R 1.5 3.1 2.9 3.0 
D [ 1.5 2.3 1.8 1.9 
X 3 1.3 2.2 1.7 1.8 
4) Mean and Design Points 
I iteration XI X2 X) I 
Initial mean 263.2000 40.0000 11 .0000 
Initial design 215.9550 65.2396 12.3520 
1 s l design 239.3271 66.7841 13.2528 
2nd design 241.0804 68.8412 13.1420 
3rd design 243.8008 68.9044 13.2000 
I iteration UR D, TI. I 
Initial mean 1.0000 1.1700 2.5500 
Initial design 0.9602 1.2202 4.0831 
1 sl design 0.9471 1.2350 4.9662 
2nd design 0.9539 1.2274 4.4971 
3rd design 0.9523 1.2292 4.6058 
Intere tingly, it wa found that the importance factor of the thickne 10 parameter 
( X 2) become bigger than that of the traffic loading (TL ) for the 40~ damaged 
model. AI 0, de ign point how that the rna t probable failure may take place due to 
heavy truck in combination with evere carro ion. It may be because the 
uncertainty of the thickne ', 10 parameter wa ' a' ' umed to bec me bigger a 
carr sion proceed ' . 
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5.4.4.2 Analysis Results for Single-Lane Loading 
The second iteration provided a converged value of reliability index. LSF and 
reliability are given in the following: 
1) LSFs 
Initial iteration 
G(x) = uRR(x) - XL 
=uR (8.563+0.081665X 1 -0.31529X 2 -0.17419X 3 ) -Df TL 
1 st iteration 
G(x) = uRR(x) - XL 
=uR (l5.796+0.04772X 1 -0.29411X2 -0.17748X 3 )- Df TL 
2nd iteration 
G(x) = uRR(x) - XL 
= uR (l9.03+0.046669X) -0.34274X2 -0.19109X])- Df TL 
2) Failure Probability and Reliability Index 
Initial 1. 7893x 10-6 4.635 
3.7970xl0-7 4.946 0.3 11 
1.6550xl0-6 4.651 0.294 (0.016) 
3) Mean and Design Points 
Initial mean 263.2000 40.0000 
227.7560 71.5599 
2 6.9440 74.9516 
74.1797 
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i iteration UR D, T, 
Initial mean 1.0000 1.1700 1.5000 
Initial design 0.9791 1.2492 1.8227 
1 st design 0.9713 1.2756 2.0345 
2nd design 0.9792 1.2488 1.8197 
In this case, the 2nd iteration was not converged compared to the 1 s l iteration. 
However, the reliability of the 2nd iteration was treated as a converged olution 
compared to the initial iteration (difference: 0.016) to reduce the computation work. 
The fact that the 2nd probability is more conservative than the 1 l probability wa 
also considered. 
It was found from design points that the most probable failure may take place in a 
similar way to the two-lane loading. Failure is likely to take place due to heavy 
trucks in combination with severe corrosion. 
5.4.4.3 Evaluation of Reliability Indices 
Total failure probability of the bridge system wa evaluated using the equation (5.6) 
a follows: 
= PI IL1 xO.9 + PI IL2 xO.l 
= 1.655xlO·6 xO.9 + 2.050xlO-6 xO.l 
= 1.6945x 10.6 
fJ = _<1>-1 (PI) 
= -<1>-I(1.6945x10-6 ) 
= 4.64594 
Int re tingly, it wa found that the ingle-lane loading ha m r influenc n the 
total failure probability (reliability) of a 40% damaged bridge m del ruth r thun the 
two-lane loading case. Thi wa ' different to the pre\'i u: cae .. Eyidently, the 
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influence of the single-lane loading has significantly increa ed compared to the 
previous 20% damaged case. It may be because beams around the loading point 
lose the capability of resisting loads rapidly due to severe corrosion. It need to be 
noted that load is resisted mainly by the beams close to the load in the ca e of the 
eccentric single-lane loading as shown in Fig. 4.65. Also, bigger maximum truck 
loading (60t) for the single-lane loading than that (51 t) for the two-lane loading may 
cause the severely corroded beams around loading to reach their ultimate state much 
earlier for the single-lane loading than other damaged state (intact, 20%). 
It was found that the traffic loading is the most important factor for the 20% 
damaged state in a similar way to the intact state. However, the importance factor of 
the thickness loss parameter (X 2) becomes bigger than that of the traffic loading 
(TL ) for the 40% damaged model. Also, design points show that the most probable 
failure may take place mainly due to extremely heavy trucks for the 20% damaged 
state. On the other hand, severe corrosion may be the main cau e of the failure a 
well as heavy trucks for the 40% damaged model. It may be because the uncertainty 
of the thickness loss parameter becomes bigger as corrosion proceeds. 
Re ults also show that the 40% damaged bridge is in a 'fair' state in term of the 
reliability tates proposed by Frangopol et al [67], which indicate that the reliability 
of the current bridge model is reduced significantly. 
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5.4.5 Conclusions 
For the damaged state, the thickness loss parameter was used as an RV in addition to 
the strength of structural steel and the thickness of pavement for the evaluation of 
resistance RSFs. 
It was found that the total failure probability (reliability) of a 20% damaged bridge 
model is governed predominantly by the failure probability for a two-lane loading 
case. 
It was found that the 20% damaged bridge is in a 'good' state in terms of the 
reliability states proposed by Frangopol et al. On the other hand, a 400/0 damaged 
bridge is in a 'fair' state, which indicates that the reliability of the current bridge 
model is reduced significantly. 
Fig. 5.10 shows how reliability index varies according to damage on steel girders. 
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Fig. 5.11 shows the change of reliability index for a ingle-lane loading and a tw -
lane loading. It needs to be noted that the probability of occurrence of each loading 
case was not incorporated into the reliability shown in Fig. 5.11. Note that reli ability 
of two-lane loading would be very similar to those in Fig. 5.10, becau e the effect of 
the single-lane loading was negligible. 
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Figure 5.11 Change of Reliability Index (Single-Iane~ two-lane) 
Table 5.9 Change of ULS Unit: ALL 
Intact 29.35 23.88 
20% 23.28 21.26 
40% 17.16 15.57 
Table 5.9 how the ultimate strength of the pre ent bridge model at each , tate. It 
can be een that a everely corroded bridge till ha a con iderable load-carrying 
capacity. However, it doe not nece arily mean the . everely corroded bridge. ar 
afi from a determini tic point of view. It hould be noted that partial afi ty factors 
not con id r d in th d t rmini tic imulation. 
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5.5 Discussions 
It was found that the present bridge model is still safe in spite of severe corrosion on 
steel girders. It can be said that this type of bridge is 'damage tolerant' with regard to 
corrosion of steel girders. 
As expected, a reponse surface method (RSM) in combination with nonlinear finite 
element (NLFE) analyses turned out to be a reasonable tool to evaluate the 
reliability of a bridge system. The amount of computation work required for the 
evaluation of the failure probability of a bridge seems to be acceptable. Of course, 
some assumptions were made on traffic loading, corrosion patterns and load effects 
in order to make the computational effort achievable within the timescale of the 
project. In addition, the change of failure modes due to corrosion from flexural 
failure to shear failure was not considered. Assumptions were also made related to 
FE analyses. Assumptions associated with bridge assessment tend to be conservative, 
as they may affect the safety of bridges. These assumptions may undermine the 
accuracy of the assessment results. In order to tackle these problems, however, 
modelling uncertainly of resistance was incorporated as a random variable in the 
reliability analyses. Results of this research revealed that this assessment 
methodology is less conservative. For example, it was found that even 40% 
damaged actual UK bridge model is in a 'fair' state in terms of the reliability states 
proposed by Frangopol et al [67]. This may lead to rational use of a limited 
resources. Therefore, it can be said that the use of this assessment tool will provide 
benefits with bridge management authorities. 
The focus of the present research has also been placed on the improvement of the 
efficiency of reliability analyses especially in terms of total amount of computation 
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work and computation time of a simulation. Premature termination of iterations for 
the loading case that has a negligible effect on the total failure probability, 
contributed to reducing the computation work significantly. Also, use of a bigger 
value of iteration tolerance would make a considerable contribution to the reduction 
of the computation work. Reduction of the number of section points of the slab was 
found to be useful for reducing computation time of a simulation significantly. 
However, more attention needs to be paid to the improvement of RSM method in 
terms of reduction of computation work. It is expected that more complex types of 
bridges will require more computation work than the present bridge model. Since 
the tremendous computation work may limit the applicaton of system reliability-
based assessment to actual assessement, further studies need to be focused on how to 
reduce the computation work especially in bridges with more complicated structures 
such as truss bridges, cable-stayed bridges, suspension bridges and so on. 
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5.6 Conclusions 
In this chapter, reliability analyses were carried out for both intact and damaged 
bridges. Prior to the commencement of reliability analyses, determination of some 
basic items necessary for the reliability analyses was made. In particular, 'corrosion' 
was selected as a damage type for the present study. Also, an assumption was made 
on the traffic loading for the evaluation of the resistance of a bridge system and load 
effects. 
For the intact state, three random variables a) strength of structural steel, b) 
thickness of bottom flange and c) thickness of pavement were used. It was found 
that the total failure probability (reliability) of an intact bridge model used in the 
present study is dominated by the failure probability for a two-lane loading case. 
Therefore, it can be said that effort needs to be concentrated on the two-lane loading 
case in order to obtain more accurate results in this case. It may be unnecessary to 
carry out further iterations in order to obtain a converged solution if the failure 
probability for a single-lane loading is much smaller than that for a two-lane loading 
case at the initial iteration. This is believed to alleviate the problem related to the 
amount of computation work. On the other hand, more rigorous convergence criteria 
for the two-lane loading can be used to increase the accuracy of the result. However, 
it should be noted that this is not the case for the 40% damaged model in the present 
study. Therefore, special attention needs to be paid prior to the application of this 
kind of approach. It was also found that the bridge model is in a 'good' state. 
In addition, the importance factors show that the most important parameter is 
uncertainty in traffic loading on the loading side. Also, uncertainty in the strength of 
structural steel and modelling are both important on the resistance side. 
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Assumed traffic loading was found to have a significant influence on the results. 
Therefore, actual traffic loading models need to be developed for the system 
reliability-based bridge assessment through traffic survey instead of the use of 
assumed values. 
It was also found that the most likely failure of the present bridge model may occur 
when extremely heavy trucks are loaded to the bridge. It is less likely that poor 
quality of steel beams or increased thickness of pavement may be main factors that 
cause the failure of the bridge system for the intact state. It would seem that this is 
closely connected to high uncertainty and sensitivity of the traffic loading in this 
study. The COY (0.25) and sensitivity of the traffic loading is much larger than those 
of other parameters. 
For the damaged state, the thickness loss parameter was used as an RV in addition to 
the strength of structural steel and the thickness of pavement for the evaluation of 
resistance RSFs. It was found that the total failure probability (reliability) of a 20% 
damaged bridge model is governed by the failure probability for a two-lane loading 
case. For a 40% damaged model, however, the influence of a single-lane loading on 
the failure probability is almost the same as that of a two-lane loading. 
For the 20% damaged model, the traffic loading is the most important factor that 
causes the most likely failure in a similar way to the intact state. However, severe 
corrosion may be the main cause of the most likely failure as well as heavy trucks 
for the 40% damaged model. It may be because the uncertainty of the thickness loss 
parameter becomes bigger as corrosion proceeds. 
It was found that 20% damaged bridge is in a 'good' state in terms of the reliability 
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states. On the other hand, 40% damaged bridge is in a 'fair' state in terms of the 
reliability states proposed by Frangopol et aI, which indicates that the reliability of 
the current bridge model is reduced significantly. 
Less conservative results obtained from the system reliability-based bridge 
assessment methodology developed in this research will lead to rational use of a 
limited resources. As a result, it is expected that the use of this assessment tool will 
provide great benefits with bridge management authorities. 
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Conclusions 
6.1 Introduction 
This research has made a considerable contribution to the improvement of the 
system reliability-based bridge assessment method. The objectives of the research 
have been achieved. 
A response surface method (RSM), in combination with the nonlinear finite element 
(NLFE) analyses developed in this research, provided a powerful tool for the 
evaluation of the reliability of a bridge system. Using the method, investigation was 
made into the effects of corrosion on steel girders on the reliability of a bridge 
system. 
Major conclusions obtained from the present study are summarised in this chapter. 
Conclusions related to deterministic analyses are addressed in section 6.2. This section 
also includes the results from the full scale bridge model analysis (Nebraska Bridge). 
Section 6.3 summarises conclusions related to reliability analyses. Finally, 
suggestions for future work are presented in section 6.4. 
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6.2 Deterministic Analyses 
Prior to the reliability analyses, rigorous deterministic analyses were performed in 
order to investigate the process of the progressive failure of a bridge model and the 
effects of various parameters on the simulations using FE programmes. 
A numerical bridge model used for the present study was developed using an actual 
composite beam-and-slab bridge in the UK. Commercial FE programmes such as 
ABAQUS and DIANA were used for the development of the model. A vehicle 
loading which yields the worst resistance of the numerical bridge model was 
selected among three, 40-tonne vehicle loading given in BD 21 as a reference 
loading model for the present study. 
One important outcome from this research is that punching shear in the concrete slab 
may prevent the total collapse of a whole bridge system taking place. This is because 
the system cannot reach the ultimate state in such a case. In other research, punching 
shear has been suppressed, assuming that the load redistribution (LR) capacity of a 
bridge is perfectly rigid. However, it was proposed in this study that such cases (i.e. 
simulations that stop due to punching shear before they reach the ultimate states) be 
excluded from the evaluation of the failure probability of a whole system. This 
approach is expected to provide a more rational basis for the evaluation of the failure 
probability of a global bridge system. 
Deterministic analyses were carried out for a single-lane loading and a two-lane 
loading. For two-lane loading, it was assumed that two trucks run side-by-side 
symmetrically with regard to the centre line of the bridge model. This assumption 
enables a half model to be used, which greatly reduced the required computation time. 
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Simulations for two-lane loading did not show the failure of the LR system. Instead, 
all the beams have completely yielded and severe cracking and crushing have 
occurred on slab. The beam yielding begins below the loading points, and then 
spreads outwards. 
For a single-lane loading, two different locations of loading were addressed. One is a 
central loading where a truck runs on the central lane, and the other is an eccentric 
loading where a truck is loaded on the outer lane. A half model was used for the 
central loading, whereas a full model was used for the eccentric loading, due to lack 
of symmetry. 
It was found that simulations for a central single-lane loading terminated due to the 
failure of load redistribution (LR) system. However, the ultimate limit state was 
reached before termination. Interestingly, the formation of a plastic hinge on a beam 
between two point loads might lead to the failure of the LR system in combination 
with yielded reinforcements and cracking on slab. Despite the failure of the LR 
system, it was considered to be reasonable to assume that a global failure has 
occurred in the bridge, because the simulation has already passed beyond its 
ultimate state. 
On the other hand, it was found that failure of beams took place progressively for 
the eccentric single-lane loading. Yielding of the beams begins below the loading 
point and progresses outwards. It appears that beams away from the loading do not 
contribute to resisting the loading at the initial stage of failure. It would seem that 
this caused the ultimate strength for the eccentric loading to be much smaller than 
that for the central loading. where all beams resisted the load. 
Finally. parametric studies were performed in order to investigate the effects of 
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various parameters on the ultimate strength of the actual UK bridge model. It was 
found that the key parameters were the strength of structural steel, the thickness of 
the pavement, the thickness of bottom flange and the strength of concrete. These 
parameters were used as the initial random variables for the reliability analyses. 
6.3 Reliability Analyses 
Reliability analyses were performed In order to investigate the effect of beam 
corrosion on the reliability of a whole bridge system using the system reliability-
based bridge assessment methodology developed in this research. The system 
reliability-based assessment was developed based on the response surface method 
(RSM) in combination with the nonlinear finite element (NLFE) analyses. 
Reliability analyses were carried out for both intact and damaged bridges. 
A similar methodology was used by other researchers such as Ghosn et al (refer to 
table 2.1). However, in the previous studies, which used a grillage analysis method, 
the resistance of a girder was used as one random variable. Therefore, it was almost 
impossible to investigate the effects of variation in basic parameters such as strength 
of steel, Young's modulus, height of girder, width of web, thickness of flange, etc on 
the reliability of a bridge system. As a result, investigation of the damage of a bridge 
in the previous studies had to be limited to the loss of girders as can be seen in Table 
2.1. However, the advanced FE programme used in this research enables the basic 
parameters to be used as random variables. This means that various types of damage 
can be simulated. For example, corrosion of steel girders was able to be simulated 
by reducing the thickness of the web and thickness of the flange as illustrated in this 
thesis. In addition, investigation of the effects of variation in each basic parameter 
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on the reliability of a bridge system could be analysed through sensitivity studies. 
In this research, basic random variables for the resistance RSM were determined 
based on the results of sensitivity studies and deterministic parametric studies. OnI v 
key parameters that have a significant influence on the ultimate strength were 
selected as random variables in order to reduce the amount of computation work. 
Other parameters were treated as being constant. 
The vehicular loading discussed above was used in this research for the evaluation 
of resistance RSFs. On the other hand, assumed live models (based on other studies) 
were used for load effects. Since it is almost impossible to incorporate all of the 
possible locations of vehicular loading, four different assumptions were made on the 
vehicular loading for simplicity. In particular, computation work was significantly 
reduced by an assumption that the single-lane truck loading is only eccentric. This 
assumption may be justified in that most heavy trucks run in the outer lane on a road 
and the resistance of the bridge model for the eccentric loading is smaller than that 
for the central loading. 
For the intact state, the strength of structural steel, the thickness of bottom flange 
and the thickness of pavement were selected as random variables for the evaluation 
of the resistance RSFs. It was found that the two-lane loading case governs the total 
failure probability (reliability) of the present bridge model. Therefore, it can be said 
that more attention needs to be placed on two-lane loading than on single-lane 
loading, in this case. Simulations for the single-lane loading can be stopped at the 
initial iteration of reliability analyses, before a converged reliability index was 
obtained. This is believed to alleviate the problem related to the amount of 
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computation work without compromising on the accuracy of the results. On the 
other hand, tighter convergence criteria can be used for the two-lane loading in order 
to obtain a more accurate result. 
It was also found that the intact bridge model (f3 =7.75) is in a 'good' state in terms 
of the reliability states proposed by Frangopol et al [67]. It was also found that the 
failure of the present bridge model is most likely to take place due to extremely 
heavy trucks for both intact state, not due to poor quality of steel beams or increased 
thickness of pavement. It seems that this has a close connection to the high 
uncertainty and sensitivity of the traffic loading in this study. 
In addition, it was found that the assumed traffic loading for the evaluation of load 
effects may have a significant influence on the results. Therefore, actual traffic 
loading models need to be developed for the system reliability-based bridge 
assessment, through traffic surveys. 
For the damaged state, the thickness loss parameter was used as random variable in 
addition to the strength of structural steel and the thickness of pavement for 
resistance RSFs. The total failure probability (reliability) of a 20% damaged bridge 
model is governed by the two-lane loading case in a similar way to the intact bridge 
model. However, the influence of the single-lane loading was significantly increased 
in the 40% damaged bridge model. 
It was found that the most important factor that causes the most likely failure is also 
the traffic loading for the 20% damaged model. However, severe corrosion has more 
influence on the most likely failure than heavy trucks for the 40% damaged model. 
This is because the uncertainty of the thickness loss parameter becomes bigger as 
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corrosion proceeds. 
It was found that the reliability of the 20% damaged bridge has slight! y (P = 7.01 ) 
decreased compared to the intact bridge. It is still in a 'good' state (P = 6.0 - 8.0) in 
terms of the reliability states discussed by Frangopol et al [67]. On the other hand, 
the 40% damaged bridge is just above an 'unacceptable' state. This indicates that the 
bridge model experiences a significant reduction of the reliability as corrosion 
proceeds. 
In conclusion, it was clearly demonstrated through the reliability analyses that a 
system reliability-based bridge assessment methodology developed in this research 
may provide a tool for more rational bridge assessment. It also shows that a bridge 
system with severely corroded steel beams is able to resist the loading with a 
considerable reliability. 
6.4 Suggestions for Further Studies 
It can be said that the structure of the actual UK bridge model used in this study is 
very simple. It is composed of a slab and eight beams simply supported at the 
abutments. Therefore, it was relatively easy to reduce the computation work to a 
reasonable level. However, more computation work will be required for more 
complicated bridges. Since a tremendous amount of computation work may lead 
bridge managers to avoid the applicaton of system reliability-based assessment to 
actual bridges, further studies need to be focused on how to reduce the computation 
work in bridges having a more complex structure, truss bridges with many members, 
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cable-stayed bridges and suspension bridges. Attention also needs to be placed on 
bridges with longer spans or continuous spans with possibly different structural 
behaviour. In such cases, multiple trucks need to be considered on one lane in the 
longitudinal direction. This certainly makes reliability analyses more complicated. 
Different assumptions on the locations of vehicle loading will be needed. Also, the 
structural behaviour of the bridge model may be governed by different failure modes 
such as shear failure and buckling of steel beams. 
Recently, a basic static load model (BSLL), which is composed of a uniformly 
distributed loading and two axle loads was developed based on traffic data collected 
by TRL. It is said that this traffic load model can be used in reliability-based 
assessment. However, it would seem that the BSLL is not appropriate for a bridge with 
girders and slabs that span transversely. It needs to be noted again that a vehicular 
loading should be used in such cases. In the present study, one of the 40t vehicle 
ALLs in BD 21 was used for the evaluation of the resistance of a bridge system. In 
particular, load effects were given in the form of assumed values. As addressed 
above, the traffic loading model has a significant influence on the results. Therefore, 
vehicular loading models need to be developed for the system reliability-based 
bridge assessment. Especially, configurations of vehicular loading for the evaluation 
of resistance and probability of the occurrence of side-by-side events, the mean and 
the COY of the traffic loading for load effects need to be determined based on a site 
survey. 
It was proposed in this study that cases where simulations stop due to the punching 
shear, before a bridge collapses, should be excluded from the evaluation of the total 
failure probability of an entire bridge system. This is a new approach and is expected 
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to provide a more rational basis for the evaluation of the reliability of a bridge. 
However, the present bridge model did not show failure of LR system. It would be 
desirable to perform further studies using different bridges in order to investigate the 
effects of the failure of the LR system on the reliability of a bridge. Also, full-scale 
bridge model tests would provide a better understanding of the failure process of a 
bridge system as well as the failure of LR system. Of course, the accompanying 
NLFE analyses would be useful. 
In the present study, punching shear could not be directly simulated. Instead, it is 
only estimated from cracking in the concrete and yielding of reinforcement that the 
failure of the LR system had occurred. Therefore, FE modelling techniques for the 
punching shear need to be developed for more accurate results. 
Further studies are suggested as follows: 
1. Application of the system reliability-based bridge assessment to bridges of 
different types, dimension and span length and support conditions. 
2. Development of traffic loading models for system reliability-based bridge 
assessment through traffic surveys 
3. Development of FE modelling techniques for punching shear on the slab 
4. Improvement of efficiency of RSM methods in the case of bridge assessment 
especially in terms of reduction of computation work (and computation time) 
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Appendices 
Appendix 1: DIANA Model (Half Model) 
Since mesh coordinates in a DIANA input file is very large, a file for mesh 
generation is attached instead. 
1. Mesh generation .dat file 
'MESH' 
VERTICES DI=3 
1 0.0 0.0 0.0 
2 30.0 0.0 0.0 
3 0.0 1.4 0.0 
4 30.0 1.4 0.0 
5 0.0 3.6 0.0 
6 30.0 3.6 0.0 
7 0.0 5.8 0.0 
8 30.0 5.8 0.0 
9 0.0 8.0 0.0 
10 30.0 8.0 0.0 
11 0.0 9.1 0.0 
12 30.0 9.1 0.0 
13 15.0 1.4 0.0 
14 15.0 8.0 0.0 
15 7.8 1.4 0.0 
16 7.8 8.0 0.0 
17 22.2 1.4 0.0 
18 22.2 8.0 0.0 
19 15.0 9.1 0.0 
20 7.8 9.1 0.0 
Al-l 
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21 22.2 9.1 0.0 
concrete slab 
DIAGRAM 1 
QUAD 1 2 4 3 
DIVISION 
X 1. (100) / 
Y 1. (6) / 
ELEMEN CQ40S MA=l GE=l 
GROUP 1 SLAB 
DIAGRAM 2 
QUAD 3 4 12 11 
DIVISION 
X 1. (100) / 
Y 1. (28) / 
ELEMEN CQ40S MA=l GE=l 
GROUP 1 SLAB 
steel girder 
DIAGRAM 3 
LINE 3 4 
DIVISION 
X 1. (100) / 
ELEMEN.X CL18B MA=2 GE=2 
GROUP 2 BEAM 
DIAGRAM 4 
LINE 5 6 
DIVISION 
X 1. (100) / 
ELEMEN.X CL18B MA=2 GE=2 
GROUP 2 BEAM 
DIAGRAM 5 
LINE 7 8 
DIVISION 
X 1. (100) / 
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ELEMEN.X CL18B MA=2 GE=2 
GROUP 2 BEAM 
DIAGRAM 6 
LINE 9 10 
DIVISION 
X 1. (100) / 
ELEMEN.X CL18B MA=2 GE=2 
GROUP 2 BEAM 
:cross beam 
DIAGRAM 7 
LINE 3 9 
DIVISION 
X 1. (3) / 
ELEMEN.X CL18B 
GROUP 3 CBEAM 
DIAGRAM 8 
LINE 9 11 
DIVISION 
X 1. (1) / 
ELEMEN.X CL18B 
GROUP 3 CBEAM 
DIAGRAM 9 
LINE 4 10 
DIVISION 
X 1.(3) / 
MA=2 GE=3 
MA=2 GE=3 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 10 
LINE 10 12 
DIVISION 
X 1.(1) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 11 
LINE 13 14 
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DIVISION 
X 1. (3) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 12 
LINE 14 19 
DIVISION 
X 1. (1) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 13 
LINE 15 16 
DIVISION 
X 1. (3) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 14 
LINE 16 20 
DIVISION 
X 1. (1) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 15 
LINE 17 18 
DIVISION 
X 1. (3) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
DIAGRAM 16 
LINE 18 21 
DIVISION 
X 1. (1) / 
ELEMEN.X CL18B MA=2 GE=3 
GROUP 3 CBEAM 
I END I 
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2. Mesh generation .com file 
*FILOS 
INITIA 
* INPUT 
*MESH 
GENERA 
END GENERA 
* INPUT 
REMAKE FILE="mesh" TABLE COORDI ELEMEN GROUPS 
* END 
3. br.dat file 
Generated Mesh System 
MATER I 
/ 1-850 / 1 
/ 851-1070 / 2 
GEOMET 
/ 1-850 / 1 
/ 851-1050 / 2 
/ 1051-1070 / 3 
DATA 
/ 1-850 / 1 
/ 851-1070 / 2 
'GROUPS' 
NODES 
1 LEFT / 607 1516 2324 3132 / 
2 RIGHT / 707 1616 2424 3232 / 
5 CENTER / 3586 / 
6 W1 / 1750 2558 / 
7 W2 / 1760 2568 / 
8 W3 / 1774 2582 / 
9 W4 / 1778 2586 / 
10 W5 / 1782 2590 / 
11 LOAD / 1750 / 
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12 YSYM 
ELEMEN 
13 SLAB 
14 BEAM 
15 CBEAM 
16 OUTB1 
17 OUTB2 
18 OUTB3 
19 OUTB4 
REINFO 
20 GRID1 
21 GRID2 
'REINFO' 
LOCATI 
6 GRID 
PLANE 
ELEMENT 
7 GRID 
PLANE 
ELEMENT 
MATER I 
/67/4 
GEOMET 
/67/4 
'MATERIAL' 
concrete 
1 YOUNG 
POISON 
DENSIT 
/ 3536-3636 / 
/ 1-850 / 
/ 851-1050 / 
/ 1051-1070 / 
/ 878 / 
/ 928 / 
/ 978 / 
/ 1028 / 
/ 6 / 
/ 7 / 
0.0 0.0 0.10 
30.0 0.0 0.10 
30.0 9.1 0.10 
0.0 9.1 0.10 
SLAB / 
0.0 0.0 -0.10 
30.0 0.0 -0.10 
30.0 9.1 -0.10 
0.0 9.1 -0.10 
SLAB / 
2.500000E+10 
2.000000E-01 
2.400000E+03 
TOTCRK ROTATE 
TENCRV LINEAR 
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TENSTR 2.511000E+06 
GF1 6.277500E+01 
COMCRV THOREN 
COMSTR 
steel girder 
2 YOUNG 
POISON 
DENSIT 
2.790000E+07 
1.947500E+11 
3.000000E-01 
7.850000E+03 
YIELD VMISES 
YLDVAL 2.632000E+08 
reinforcement 
4 YOUNG 
POISON 
DENSIT 
2.050000E+11 
3.000000E-01 
7.850000E+03 
YIELD VMISES 
YLDVAL 
'DATA' 
1 NINTEG 
2 NINTEG 
5.290000E+08 
2 
2 
2 
3 
9 
3 3 3 5 3 
NUMINT GAUSS SIMPSO GAUSS SIMPSO GAUSS SIMPSO GAUSS 
'GEOMET' 
1 THICK 
FLAT 
2 I SHAPE 
ZAXIS 
ECCENT 
3 I SHAPE 
ZAXIS 
ECCENT 
4 XAXIS 
THICK 
'SUPPORTS' 
/ LEFT / 
/ RIGHT / 
/ YSYM / 
'LOADS' 
0.25 
1.24 0.46 0.33 0.05 0.025 0.01 
0.0 -1.0 0.0 
0.0 0.9437762238 0.0 
0.30 0.0889 0.0889 0.01 0.01 0.01 
1.0 0.0 0.0 
0.0 0.7076 0.0 
1.0 0.0 0.0 
0.00099064 0.001915132 
TR 1 2 3 RO 3 
TR 2 3 RO 3 
TR 2 RO 1 3 
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CASE 1 
WEIGHT 
3 9.81500 
ELEMEN 
/ SLAB / 
FACE 
FORCE 
DIRELM 
CASE 2 
NODAL 
/ W1 / 
/ W2 / 
/ W3 / 
/ W4 / 
/ W5 / 
'END' 
4. br.com file 
*FILOS 
INITIA 
* INPUT 
READ 
* NONLIN 
FORCE 
FORCE 
FORCE 
FORCE 
FORCE 
2425.5 
Z 
3 
3 
3 
3 
3 
6.000000E+05 
1.150000E+06 
7.500000E+05 
7.500000E+05 
7.500000E+05 
MODEL ASSEMB TOLERA 1E-006 AUTOTY 
for 1st load case - self weight and pavement 
iteration method (1st) 
BEGIN EXECUT 
BEGIN ITERAT 
CONVER ENERGY 
MAXITE 50 
METHOD NEWTON REGULA 
END ITERAT 
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determination of step size (1st) 
BEGIN LOAD 
LOADNR 1 
BEGIN STEPS 
EXPLIC SIZES 1 
SAVE LAST 
END STEPS 
END LOAD 
END EXECUT 
Appendices 
for 2nd load case - a pinpoint loading at the middle of beam 
iteration method (2nd) 
BEGIN EXECUT 
BEGIN ITERAT 
CONVER ENERGY 
MAXITE 50 
METHOD CONSTA 
LINESE 
END ITERAT 
determination of step size (2nd) 
BEGIN LOAD 
LOADNR 2 
BEGIN STEPS 
BEGIN EXPLIC 
SIZES 0.1 (35) 
ARCLEN 
END EXPLIC 
END STEPS 
END LOAD 
END EXECUT 
output 
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BEGIN OUTPUT TABULA 
FILE "br-l" 
BEGIN LAYOUT 
DIGITS RESULT 7 
COMBIN 
END LAYOUT 
TEXT "New block" 
SELECT NODES CENTRE 
DISPLA 
SELECT NODES LOAD 
FORCE EXTERN 
END OUTPUT 
BEGIN OUTPUT FEMVIEW 
FILE "br-l" 
TEXT "New block" 
SELECT NODES CENTRE 
DISPLA 
SELECT NODES LOAD 
FORCE EXTERN 
SELECT NODES LEFT RIGHT 
FORCE REACTI 
SELECT ELEMEN SLAB BEAM CBEAM 
STRESS TOTAL CAUCHY VONMIS INTPNT 
SELECT ELEMEN SLAB 
STATUS PLASTI 
STATUS CRACK INTPNT 
STRAIN PLASTI LOCAL INTPNT 
STRESS TOTAL CAUCHY GLOBAL 
END OUTPUT 
* END 
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Appendix 2: ABAQUS Model (Full Model) 
* HEADING 
8 beam bridge model 
ABAQUS version 6.3 
** 
**Two side-by-side HS 20 truck loads are used. 
**Quadratic elements are used. 
**Nodal Coordinates 
** 
*NODE, NSET=N1 
1, 0.0, 0.0, 0.0 
*NODE, NSET=N101 
101, 30.0, 0.0, 0.0 
*NGEN, NSET=ENDA 
1, 101, 1 
*NCOPY, CHANGENUMBER=606, OLDSET=ENDA, NEWSET=G1, 
0.0, 1.40, 0.0 
0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0 
*NCOPY, CHANGENUMBER=6262, OLDSET=ENDA, NEWSET=G8, 
0.0, 16.80, 0.0 
0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0 
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SHIFT 
*NCOPY, CHANGENUMBER=6868, OLDSET=ENDA, NEWSET=ENDB, SHIFT 
0.0, 18.20, 0.0 
0.0, 0.0, 0.0, 
*NFILL, NSET=SLAB-1 
0.0, 
ENDA, G1, 6, 101 
*NFILL, NSET=SLAB-2 
G1, G8, 56, 101 
*NFILL, NSET=SLAB-3 
G8, ENDS, 6, 101 
*NSET, NSET=CENTRE 
3485 
*NSET, NSET=LEFT 
0.0, 0.0, 0.0 
607, 1415, 2223, 3031, 3839, 4647, 5455, 6263 
*NSET, NSET=RIGHT 
707, 1515, 2323, 3131, 3939, 4747, 5555, 6363 
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** 
** 
**Element Connectivity 
** 
* ELEMENT , TYPE=S8R, ELSET=SLAB 
1, 1, 3, 205, 203, 2, 104, 204, 102 
*ELGEN, ELSET=SLAB 
1, 50, 2, 1, 34, 202, 50 
* ELEMENT , TYPE=B32, ELSET=BEAM 
10001, 607, 608, 609 
*ELGEN, ELSET=BEAM 
10001, 50, 2, 1, 8, 808, 50 
* ELEMENT , TYPE=B32, ELSET=CROSSBEAM 
20001, 607, 1011, 1415 
*ELGEN, ELSET=CROSSBEAM 
20001, 3, 50, 1, 7, 808, 1000 
* ELEMENT , TYPE=B32, ELSET=CROSSBEAM 
20004, 633, 1037, 1441 
*ELGEN, ELSET=CROSSBEAM 
20004, 2, 52, 1, 7, 
** 
**Define Surface 
** 
* SURFACE , NAME = PAVE , TYPE=ELEMENT 
SLAB, SPOS 
**Slab 
** 
808, 1000 
*SHELL SECTION, ELSET=SLAB, MATERIAL=CONC 
0.25, 9 
*REBAR LAYER 
LYY, .0002911, 0.152, -.1, REBAR, 90., 1 
*REBAR LAYER 
LXX, .0002011, 
*REBAR LAYER 
UYY, .0002911, 
*REBAR LAYER 
uxx, .0002011, 
0.203, -.1, REBAR, 0., 1 
0.152, .1, REBAR, 90., 1 
0.203, .1, REBAR, 0., 1 
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** 
* * Bearn 
** 
*BEAM SECTION, ELSET=BEAM, SECTION=I-BEAM, MATERIAL=STEEL 
-0.125, 
o. , -1. , 
1.24, 0.33, 0.46, 0.025, 0.05, 0.01, 
O. 
*BEAM SECTION, ELSET=CROSSBEAM, SECTION=I, MATERIAL=STEEL 
-0.5576, 0.30, 0.0889, 0.0889, 0.01, 
1., 0, O. 
** 
** Concrete 
** 
* MATERIAL , NAME=CONC 
*DENSITY 
2400. , 
*ELASTIC 
2.50E+10, 0.20 
* CONCRETE 
27.9E+6, .0 
27.9E+6, .0035 
*FAILURE RATIOS 
1.16, .09 
*TENSION STIFFENING,TYPE=STRAIN 
1. , O. 
0., 1.0E-3 
** 
** Rebars 
** 
*MATERIAL,NAME=REBAR 
*DENSITY 
7850. , 
*ELASTIC 
2.05Ell, 0.3 
* PLASTIC 
5.290E8, 0.00 
** 
**Steel 
0.01, 0.01, 
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** 
* MATERIAL , NAME=STEEL 
*DENSITY 
7850. , 
*ELASTIC 
2.05Ell, 0.3 
* PLASTIC 
2.632E8, 0.00 
** 
** BOUNDARY CONDITIONS 
** 
** Name: Disp-BC-l Type: Displacement/Rotation 
* Boundary 
LEFT, 1, 1 
LEFT, 2, 2 
LEFT, 3, 3 
LEFT, 6, 6 
** Name: Disp-BC-3 Type: Displacement/Rotation 
* Boundary 
RIGHT, 2, 2 
RIGHT, 3, 3 
RIGHT, 6, 6 
** Location of 40T ALL Loading 
** 
*NSET, NSET=Wl 
1649, 2457, 4477, 5285 
*NSET, NSET=W2 
1659, 2467, 4487, 5295 
*NSET, NSET=W3 
1673, 2481, 4501, 5309 
*NSET, NSET=W4 
1675, 2485, 4505, 5313 
*NSET, NSET=W5 
1681, 2489, 4509, 5317 
** 
** Step 1: Applying Dead Load 
** 
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*RESTART, WRITE, FREQUENCY=10000 
*STEP, NLGEOM=NO, INC=l 
for STEP 1 
*STATIC 
1. , 1. 
*MONITOR, NODE=CENTRE, DOF=3 
** 
** Gravity Load 
** 
*DLOAD 
SLAB, GRAV, 
BEAM, GRAV, 
CROSSBEAM, 
* DSLOAD 
PAVE, P, 
** 
** 
9.815,0., 0., 
9.815,0., 0., 
GRAV, 9.815,0., 
2205.0 
** OUTPUT REQUEST FOR STEP 1 
** 
*RESTART, WRITE, FREQ=10000 
*MONITOR, DOF=3, NODE=CENTRE, FREQ=l 
** 
-1. 
-1. 
O. , -1. 
*EL PRINT, SUMMARY=YES, TOTALS=YES, ELSET=SLAB 
1,2,3,4,5,6,7,8,9 
CRACK, 
*PRINT, PLASTICITY=YES 
** 
** FIELD OUTPUT: F-OUTPUT-1 
** 
*OUTPUT, FIELD, FREQ=l 
*NODE OUTPUT 
U, RF, CF 
*ELEMENT OUTPUT, ELSET=BEAM 
3,6,7,8,11 
S, E, PE, PEEQ 
*ELEMENT OUTPUT, ELSET=CROSSBEAM 
3,6,7,8,11 
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S, E, PE, PEEQ 
*ELEMENT OUTPUT, ELSET=SLAB 
l,2,3,4,S,6,7,8,9 
S, E, PE, PEEQ 
*ELEMENT OUTPUT, ELSET=SLAB, REBAR 
RBFOR, RBANG, RBROT 
** 
*END STEP 
** 
** Step 2: Applying HB Live Load 
** 
*STEP, UNSYMM=YES, NLGEOM=NO, INC=SOOO 
for STEP 2 
*STATIC 
0.01, 1., 1.0E-10" 
*CONTROLS, ANALYSIS=DISCONTlNUOUS 
*MONITOR, NODE=CENTRE, DOF=3 
** 
** Applying HB Load 
** 
*CLOAD 
W1, 3, -6.0E+S 
W2, 3, -1.lSE+6 
W3, 3, -7.SE+S 
W4, 3, -7.SE+S 
WS, 3, -7.SE+S 
** 
* END STEP 
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Appendix 3:Tabular Data from Diana 
This tabular data is obtained from a design point (+1, +1, +1) of the 1st iteration for the intact bridge for the two-lane loading case. The ULS 
was obtained from the step No. 36, where the loading is biggest, by dividing FEZ by 15,000. The calculated ULS is 23.2025. Refer to the 
corresponding experimental design (No.3 in Appendix 5). Only data around the ULS were given for convenience. 
Analysis type 
Step nr. 
Load factor 
Result 
Nodnr TDtX 
NONLIN 
31 
S.7S1E-01 
Combination 
TDtY TDtZ FEX FEY FEZ 
1750 -1.880217111E-03 -7.681670622E-04 4.029322937E-01 O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 3.440S07432E+OS 
Analysis type 
Step nr. 
Load factor 
Result 
Nodnr TDtX 
NONLIN 
32 
S.781E-01 
Combination 
TDtY TDtZ FEX FEY FEZ 
1750 -1.886023571E-03 -7.802294733E-04 4.1S0791189E-01 O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 3.45842510SE+05 
Analysis type NONLIN 
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Step nr. 
Load factor 
Result 
TDtX 
33 
5.778E-01 
Combination 
TDtY TDtZ FEX FEY FEZ Nodnr 
1750 -1.884065363E-03 -7.858120611E-04 4.271547124E-Ol O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 3.456209500E+05 
Analysis type 
Step nr. 
Load factor 
Result 
TDtX 
NONLIN 
34 
5.804E-Ol 
Combination 
TDtY TDtZ FEX FEY FEZ Nodnr 
1750 -1.888393020E-03 -7.978787653E-04 4.392882712E-Ol O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 3.471799697E+OS 
Analysis type 
Step nr. 
Load factor 
Result 
NONLIN 
35 
5.796E-Ol 
Combination 
TDtX TDtY TDtZ FEX FEY FEZ Nodnr 
1750 -1.885082540E-03 -8.039814309E-04 4.513287466E-Ol O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 3.467482069E+OS 
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Analysis type NONLIN 
Step nr. 36 
Load factor 5.818E-01 
Result Combination 
TDtX TDtY Nodnr 
1750 -1.888105271E-03 -8 .153763268E-04 
Analysis type 
Step nr. 
Load factor 
Result 
NONLIN 
37 
5.804E-01 
Combination 
TDtX TDtY Nodnr 
1750 -1.881976428E-03 -8.196898544E-04 
Analysis type 
Step nr. 
Load factor 
Result 
NONLIN 
38 
5.802E-01 
Combination 
TDtX TDtY Nodnr 
1750 -1.877609940E-03 -8.263076342E-04 
TDtZ 
4.634352808E-01 
TDtZ 
4.754064840E-Ol 
TDtZ 
4.873528142E-01 
FEX FEY 
O.OOOOOOOOOE+OO 
FEZ 
O.OOOOOOOOOE+OO 
FEX FEY FEZ 
O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 
FEX FEY FEZ 
O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 
3 . 480376101E+05 
3.472367916E+05 
3.471090195E+05 
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Appendix 4: Load-displacement Curves 
~ (0,0,0,0) 
~ (+1,+1,+1,+1) 
~ (+1, -1, -1,+1) 
~ (-1, -1, -1,+1) 
-- (+1,+1,+1,-1) 
~ (+1, -1, -1, -1) 
- (-1,+1,+1, -1) 
- (-1, -1, -1, -1) 
~ <-1,+1,+1,+1 j 
:J' 
;J. 
., 
(j 
:2 
., 
> 
l3 
~ 
... 
~ 
.. 
LL 
'a 
.. 
0 
....J 
35 
30 
25 
~o~----------~----------~----------~ O~ 1 1~ 
Oeflection(m) 
Fig. 1 Load-displacement curves (20%, single-lane, initial iteration) 
-- to, 0, 0, 0) 
- (+1,+1,+1,+1) 
~ (+1, -1, -1,+1) 
~ (-1,+1,+1,+1) 
-- (-1, -1, -1,+1) 
-- (+1,+1,+1, -1) 
~ (+1, -1, -1, -1) ( -1,+1,+1, -1) 35,-------..,---------r-------,--------r---------. 
~ -1, -1, -1, -1 
~Di~----~O.~5------~------1~.------~2~----~2 
Deleclion (m) 
Fig. 2 Load-di placement curve (40% ingle-lane initial it ration) 
ig. 1 and Fig. 2 are e ample of load-di placement curve u d for d t rmining 
for th ingl -Ian loading imulation togeth r ith foIl ing num ri al d t . 
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DATA (40% damaged, single-lane, 
Displacement 
0.8610115E+00 
0.8765300E+00 
0.8903133E+00 
0.9084180E+00 
0.9239321E+00 
0.9395210E+00 
0.9551231E+00 
0 . 9689857E+00 
0.9870693E+00 
0.1002739E+01 
0.1018450E+01 
0.1034142E+01 
0.1049826E+01 
0.1065536E+01 
0.1079451E+01 
0.1097507E+01 
0.1113347E+01 
0.1129140E+01 
0.1144915E+01 
0.1160679E+01 
0.1176448E+01 
0.1192249E+01 
0.1223850E+01 
0.1239682E+01 
initial iterat i o n ) 
Load 
0.4104657E+ 0 6 
0.4108405E+06 
0.4387440E+06 
0.4114119E+06 
0.4117488E+06 
0.4121049E+06 
0.4124457E+06 
0.4413714E+06 
0.4128552E+06 
0.4128281E+06 
0.4130751E+06 
0.4136219E+06 
0.4138495E+06 
0.4137894E+06 
0.4434545E+Ob 
0.4143012E+06 
0.4130734E+06 
0.4140080E+06 
0.4144028E+06 
0.4145056E+06 
0.4145864E+06 
O.4144114E+06 
O.4144482E+06 
0.4144138E+06 
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(+1, -1, - 1,+1) 
The e data show how a ULS was determined. Red colored number wer 
di regarded, because they were not on the mooth curve a can be een in Fig 2. 
In tead, a blue- haded number on the curve wa elected a a ULS. LF i calculated 
by dividing load by 30,000. A a re ult 13 .8211 wa ' given as the value f L f 
(+ I, -I, -I, +1) . Data with maller and bigger di 'placement wer n t included for 
convenience. 
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AppendIX 5: Experimental Designs and Results 
1. Experimental Designs for 4 RV s 
Random variables & Mean Values 
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AS- I 
21.9000 13.7500 
33.9000 13.7500 27.7988 
21.9000 13.7500 26.6697 
33.9000 13.7500 26.3908 
21.9000 13.7500 25.3511 
51.5000 33.9000 8.2500 33.5005 
51.5000 21.9000 8.2500 32.2843 
48.5000 33.9000 I 8.2500 I 31.9371 
48.5000 21.9000 8.2500 32.7433 
51.5000 33.9000 8.2500 28.8280 
21.9000 8.2500 27.7059 
33.9000 8.2500 27.4240 
21.9000 8.2500 26.3791 
AS- 2 
Experimental Designs (Intact, two-lane, initial iteration) 
Random variables & Mean Values 
32.4736 
51.5000 8.2500 33.4995 
48.5000 13.7500 30.9111 
48.5000 8.2500 31.9386 
5000 13.7500 27.8011 
5000 8.2500 28.8303 
5000 13.7500 26.4947 
8.2500 27.4768 
AS- 3 
Appenalces 
Experimental Designs (Intact, two-lane, 1 51 iteration) 
Random variables & Mean VaIues 
22.0094 
.2659 9.4799 23.2249 
50.1895 15.7998 19.5643 
9.4799 20.7979 
15.7998 18.5023 
9.4799 19.7158 
A S- 4 
Appendices 
perimentaI Designs (Intact, two-lane, 2nd iteration) 
9.5234 24.3896 
47.5172 15.8724 22.1030 
47.5172 9.5234 23.2925 
50.4564 15.8724 19.6710 
50.4564 9.5234 20.8344 
47.5172 15.8724 18.6312 
7.5172 9.5234 19.8274 
AS- 5 
S. Experimental Designs (Intact, single-lane, initial iteration) 
Random variables & Mean Values 
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ADDe ndices 
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24.4340 
23.1868 
23.4007 
24.2894 
25.9395 
1.7857 
AS- 6 
Experimental Designs (Intact. single-lane. 1st iteration) 
Random variables & Mean Values 
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49.07250 I. 7.07725 
iL". " 49.07250 12.21160 
I~ , ~/;-:~'- .~ -  12.21160 
fr ·:·, " ... '~i :~5081 
22.02655 
21.04077 
21.16087 
22.01191 
23.15979 
19.43322 
AS- 7 
Appendices 
damaged, two-lane, initial iteration) 
7.6960 13.7500 23.3163 
8.4640 13.7500 22.1212 
7.6960 13.7500 19.8010 
8.4640 8.2500 27.0210 
7.6960 8.2500 24.3519 
8.4640 8.2500 23.1560 
7.6960 8.2500 20.8382 
AS- 8 
Experimental Designs (20% damaged, two-lane, 1st iteration) 
6.9683 16.0043 
7.9788 16.0043 16.9027 
6.9683 16.0043 14.3048 
7.9788 9.6026 21.3425 
9.6026 18.3021 
...I. 
9.6026 18.1089 
83 I 9.6026 15.3459 
AS- 9 
Ap,Denalces 
Experimental Designs (20% damaged, single-lane, initial iteration) 
13.7500 
38.0000 7.6960 13.7500 21.4327 
42.0000 8.4640 13.7500 20.3846 
7.6960 13.7500 18.3244 
8.4640 8.2500 23.3187 
7.6960 8.2500 21.9553 
I 
8.4640 8.2500 20.9876 
38.()()()() I 7.6960 8.2500 19.5028 
AS- 10 
Experimental Designs (40% damaged, two-lane, initial iteration) 
5.3920 13.7500 16.8022 
6.9280 13.7500 17.5549 
5.3920 13.7500 13.9165 
6.9280 8.2500 21.6821 
8.2500 17.8467 
8.2500 18.5172 
8.2500 14.9632 
AS- II 
App 
.perimental Designs (40% damaged, two-lane, 1st iteration) 
10.1930 
2.4844 15.4400 2.0143 
4.9896 15.4400 8.1097 
2.4844 15.4400 0.0834 
4.9896 9.2640 11.3650 
9.2640 2.9814 
4.9896 9.2640 9.2878 
2.4844 9.2640 2.1152 
AS- 12 
12. Experimental Designs (40% damaged, two-lane, 2nd iteration) 
2.3065 16.5660 2.0599 
23.2864 4.8710 16.5660 9.0419 
9.9296 2.3065 16.5660 0.1723 
; 
23.2864 I 4.8710 9.9396 12.5125 
I 
2.3065 9.9396 3.0663 
4.8710 9.9396 10.3031 
2.3065 9.9396 2.1994 
AS- ] 3 
13. Experimental Designs (40% damaged, two-lane, 3rd iteration) 
2.0696 16.4275 0.9453 
2.4640 4.7131 16.4275 8.6987 
8.6960 2.0696 16.4275 0.0000 
22.4640 4.7131 9.8565 12.1110 
8.6960 2.0696 9.8565 2.4881 
640 4.7131 9.8565 9.9493 
8.6960 2.0696 9.8565 1.58401 
AS- 14 
· Experimental Designs (40% damaged, single-lane, initial iteration) 
5.3920 
34.0000 6.9280 13.7500 
26.0000 5.3920 13.7500 11.1820 
6.9280 8.2500 20.2417 
5.3920 8.2500 14.8138 
6.9280 8.2500 16.7668 
5.3920 8.2500 12.19427 
AS- 15 
